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DECLARATION OF MARTIN L ANGER 
UNDER 37 CFJL§ 1.132 

1. Martin Longer, declare and $tate as follows: 

\. I am a citizen of the Federal Republic of Germany residing at Karlsruhe, D- 
76227, Lissenstrasse 5, Germany, 

2. I hold a doctorate (Ph.D.) from the Institute of Biochemistry of the University 
Karlsruhe, Germany and a diploma in biology received from the Technical University Darmstadt, 
Germany. 

3. I have been involved in study and research in the area of molecular biology, 
including research relating to the structure of enzymes, immunotoxins, mistletoe proteins, and 
other proteins since 1991. 

4. From 1 995 to 2000, 1 was the project and laboratory manager at BJR.A.LN. 
Company of Zwmgenberg, Germany, the initial assignee of the above-identified patent 
application. In this position at BJLA.I.N., my research focused on the recombinant processing 
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of mistletoe proteins, including immunotoxins, and the characterization of the properties and 
structures of these proteins. 

5. Since 2001, 1 have held the position of the head of research and development of 
Viscum AQ Bcrglsch Gladbach, Germany, the present assignee of this patent application- As 
head of research and development, my research focuses on research and preclinical projects 
involving immunotoxins and the development and proofing of biotechnological production 
processes of proteins up to technical scale in accordance with current good manufacturing 
practices (cGMP), 

6. Since 1998, 1 have been a scientific expert of Science4Life t Germany and a 
scientific reviewer of peer reviewed journals in the field of imrmmotoxins. I am the author or co- 
author of numerous publications and presentations appearing tn peer reviewed journals including 
those directed to different aspects of research of recombinant mistletoe proteins and their 
characterizatioa A list of these publications and fhrther details of my background are set forth in 
my curriculum vitas, attached to this Declaration at Appendix A. 

7. 1 am a native speaker of German. However; I am fluent in written and spoken 
English and frequently read, review, and study material in my field written in English, as well as 
correspond and work in the English language with my English-speaking colleagues in Europe 
and the United States. 

8. Because of my background and expertise, my prior employment with B.RA.LN. 
and my present position as head of research and development of Viscum AQ I am well versed in 
the technology underlying the above-identified patent application, including molecular biology, 
cytology, and immunology. 

9. Moreover, as head of research and development at Viscum AQ I am familiar with 
the above-identified patent application and its prosecution history, 

10. I have reviewed the Office Action mailed March 11, 2004 ("March H QAJ*) 
containing rejections under 35 U.S.C § 112, first and second paragraphs. 
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11. I have reviewed the claims as amended by the Amendment filed simultaneously 
with this Declaration. 

12. As at least a person of ordinary skill in the art, 1 present this Declaration to refute 
the Examiner's statements regarding the alleged deficiencies under 35 US.C. § 112 in this 
application. 

13. In the March 1 1 OA., the Examiner rejected claims 9, 10, 12-14, 16, 24, and 25 
under 35 TXS.C. § 1 12, first paragraph, as containing subject matter that was not described in 
such a manner as to "enable" one of skill to cany out the invention as claimed. March 11 O-A- at 
mi 7-8. The Examiner has rejected claims 1-27 f 29, 33-37 and 47-49 under 35 US.C. § 112, 
first paragraph asserting that these claims are not supported by a written description in the 
specification such that a person of skill in the art would have understood that the inventors had 
the invention in their possession. March 11 0>A. at ^ 9* The Examiner has rejected claims 10>14 
as being indefinite. March 11 OA. at 1 10. In this Declaration, I provide facts and mformation 
that demonstrate that none of these rejections should be maintained. 

14. The invention includes a nucleic acid molecule that encodes a fusion protein. 
Spec, at, , 10-11. The nucleic acid is composed of several portions or modules: an effector 
module, a processing module, a, targeting module, and, optionally, a modulator module and an 
affinity module. Id. Each of these modules is structurally defined in flie specification by its 
function. See. specification at 10, line 24; 11, lines 27-28; 12, lines 1-29 (effector module); 
ML at 10, lines 25-26; 13, lines 1-13 (processing module); ui at 1 1, lines 1-3; 13, lines 15-23 
(targeting module); id at 17, line 21, through 21, line 22 (modulator module); and id at 21. line 
25, through 22, line 9; 25, lines 16-26 (affinity module). 

15. Each of the effector module and the processing module is identified in the 
specification as being (i) a specific primary sequence (or encoded by a specific primary 
sequence), (ii) being a portion or fragment of one of the specific sequences, and/or (Hi) 
hybridizing under certain conditions or being a degenerate of amolecule having one of the 
specific sequences or a fragment of the same. 



3 



10/02 2005 19:56 FAX +49 89 41304111 VOSSIUS & PARTNER 

09/02 05 MI 11:35 FAX +49 8251 933111 BRAIN BIOTECHNOLOGY 



Si 007 
0006 



1 6. Because the specification provides a primary sequence from which each of the 
recited fragments that may form the effector module or the processing module can be obtained, it 
would have been a routine matter to discern what constitutes a { *fragmenf ' using ordinary and 
unexceptional functionality assays, well known to a person of skill in the art at the time the 
priority application was filed, 

17. For example, to determine whether a specific fragment o£ e,g„ SEQ ID NO: 2, 
would be an effector module within the meaning of the claims, a person of skill would first 
identify the sequence fragment or portion of SEQ ID NO: 2 that he wished to use, based upon the 
sequence provided in the specification. The intracellular toxicity of the portion could be 
evaluated using the protocol sec out in Example 6 of the specification, or other procedures) Such 
as the XTT assay based on the degradation of a tetrazolium salt in the mitochondria of living 
cells (KcndO et aL (1994) Oncology 51, 535-539); the WST assay (also a tetrazolium salt based 
assay) (Hamaski et aL (1996) Toxicon. 34, 490-495). Furthermore, a cytotoxicity assay 
quantifying the total protein content of living cells could have been used to analyze the toxicity 
of a respective molecule (Skehan et aL (1990) J. Natl Cancer Last 82, 1 107-11 12). This assay is 
and was at the time of filing routinely used, for example, in the National Cancer Institute (NCI)- 
60 cell line panel. See, e.g. 9 Staunton et aL, PNAS 98 (200l):10787-10792. Also of use in this 
regard ar« the MTT method (M-5655, Boehringer Mannheim, now known as Roche AG 1983) or 
the method described in Scuderio et aL 1988, each of which is referenced in the specification. 
Spec, at 49, 50. Accordingly, using these art known methods, it would have been a routine matter 
to a person of stall in the art to ascertain whether a given fragment or portion functions to "lull or 
to permanently modify the vital processes of target cells," as the efiector module is described. 
See, Spec, at 11. 

1 8* With respect to the "processing module" and the "modulator molecule" recited in 
the claims, a similar routine evaluation using as a starting point the specific sequences provided 
in the application can be carried out to determine whether a given fragment possesses a 
recognition sequence for a protease Coprocessing module") or modulates the toxicity of the 
effector module (''modulator module"). Uptake and processing of biologies in living cells such 
as the processing module and the modulator module of the invention were well known and 
described in the literature. To monitor the mode of uptake and the processing, radiolabcling 
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methods using, for example, iodine 123 can be used. Finck-Barbancou et aL (1996) MoJ. 
Microbiol. 22, 87-95. Using this assay, one can assess the efficacy as a modulator by measuring 
the radioactivity present in the cytoplasm. A similar approach using fluorescent labeled proteins, 
such as, Bodypy-FL pa Poian et al. (1998) J. ViroL Methods 70, 45-58) could have been used to 
measure efficacy. In addition, numerous published examples of so-called "recognition sites" for 
various proteases were available at the time of the priority date of this application. See, e.g,, 
Vance et aL (1996) J. Biol Chem. 271, 30811-30815 (describing a protease-sensitive she in a 
soluble Bci-2 protein); Jonasson et al. (1996) Eur, J. Biocbem. 236, 656-661 (describing a 
protease-sensitive site in a fusion protein containing human insulin); Kwon et al>. (1995) PNAS. 
92, 8234-8238; describing a protease-sensitive site (ammo acids 247-255) in a transposase); and 
Lappi et aL (1994) J. Biol. Chem. 269, 12SS2-12558 (describing a fusion toxin containing the 
basic fibroblast growth factor linked to the type 1 RIP saporin having a protease-sensitive site in 
the C-tcrminus ofbFGF). 

19. The ''targeting module" recited in the claims and described the specification, has a 
structure that is dependent on the cell one wishes to target, as would have been understood to a 
person of skill in the art Examples of suitable peptide/polypeptide targeting modules are 
provided in the specification. However, one of ordinary skill in the art would have been well 
aware of the various well known and routinely used peptides/polypeptide molecules that have a 
targeting capacity, such as antibodies, antibody fragments, single chain antibodies, but also 
aptamers, antichalins, or peptides, and those described at pages 23-25 of the specification. For 
example, a protocol for evaluating the targeting ability of a given antibody or antibody fragment 
could be performed following the method of phage display that is described by Abraham et al 
(1995) J. Immunol. Methods 183, 1 19-125. The binding ability of a small molecule such as, e.g., 
a peptide or a substrate, could ibe measured by a similar method such as that described in Dyson 
etal (1995) NucL Acids Res. 23, 1 531-1535. 

20. The "affinity module" recited in the claims is described as being "a peptide 
sequence which is characterized by a ligand binding specificity or by the presence of suitable 
epitopes which allows a selective purification" Spec, at 25, Ligand-substrate interactions as 
well as selective purification techniques were well understood at the priority date of mis 
application, as wore methods of purification using affinity chromatography. Affinity 
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chromatography can be performed using small molecules such as ligands on the surface of the 
column. Examples of purification in such a manner include the purification of lectins by using 
their ability to specifically bind carbohydrates, as demonstrated in, for example, Franz et aL, 
(1981), Biochem. J. 195, 481-484, Antibodies of the IgGtype are often isolated by affinity 
chromatography using protein G or protein A as a ligand, Manil et a/. (1986), J. Immunol. 
Methods 90, 25-37. Other affinity chromatography methods have been established using, e.g., 
mnlti-bistadine residues at the N- or O terminus of recombinant proteins as an affinity tag. 
These his-tags bind to positively charged bivalent cations, such as nickel, cobalt, or copper. See, 
e.g. 7 Casey et al (1995), J. Immunol. Methods 179, 105-116. Additionally, other affinity tags 
include glutathione S-trausferase (GST) and strep-tag. See, e^., Ward et al, (1994), Yeast 10, 
441-449; Kleymann et a/.. (1995), Biotechnology 13, 155-160. 

2L Thus, in view of die information provided in the specification of this application 
as well as the knowledge* skill' level, and information available to a person of skill in the art at 
the time this application was filed, such person would have found that the specification enabled 
the full scope of each of the claims, and moreover that sufficient information was present such 
that, in combination with the knowledge of a person of skill, the inventors have demonstrated 
mat they were in possession of the invention. 

22. The Examiner has stated that he considers the following terms to be indefinite, 
and further implies that it is necessary to define such terms in the specification as they are not art 
known terms: 

(i) 4 *a cell of the specific immune system;" 

(ii) "a cell of the unspecific immune system; and" 
(xii) "a degenerate cell of the immune system." 

23. It is my understanding that under U.S. law it is not necessary to define terms that 
have an ordinary meaning in the art Each of these terms is well understood in the art 

24. With respect to the © and (ii) above, use Of these specific terms is the result of an 
error in translation from the German language application to. the English language application. 
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In the German language document PCT/EP9&/00009, the terms "spezifisches hnmunsystem" and 
"unspctifisches Immunsystem" are used. Based upon ray years of experience in this technology 
area and my research and studies carried out in both German and English, I believe that the 
German terms "spezifisches Imniunsystem* and "unspezifisches fmmunsystem" as they appear 
in the priority document are more properly and correctly translated into English as "acquired 
immune system" and "innate immune system " A person of skill in the art who is charged with 
the knowledge of the art of both German and English text books, the person skilled in the art 
would realize that in contrast to the German scientists who use the terminology "spezifisches 
Immunsystem" and "uuspezifisches Immunsystem" consistently, in the English speaking 
countries the scientists rarely use the direct, less correct translations "specific immune system** 
and "unspecific immune system." 

25. To the contrary, in the German speaking countries Often the terms 4S spezifisches 
Irnmunsystem^ and *^mspezifiBches Immunsystcm" and, similarly, "spezifische trnmunitaT and 
unspezifische immunitat" are used in parallel. Thus, to correct the "English translation of the 
PCT/EP98/00009 written in German language in the sense, one should rather refer to 
"speziflsche Immunitat" and '^unspezifische IrnrnunitSt T * as it is discussed in the German 
translation of the American textbook Roitt et o/. f Kurzes Lehrbuch der Immunologic (1987) G 
Thieme Veriag, Stuttgart - New York (Index page 301, "Immunsystexo siehe auch ImmunitSt"). 
From this index one can learn that in the German literature the terms "Immunsystem" and 
"Immunitsr are being synomymously used. Reviewing the textbook "Immunology" by Janice 
Kuby (3 EdL, 1997, Freeman, New York) one can see that English speaking experts also discuss 
innate (nonspecific) immunity as well as acquired (specific) immunity. A correct translation of 
these terms into the English language is therefore "acquired immimity' and "innate immunity" 

26. The term "acquired immunity" is well known in the art to refer to the specific 
immunity, which requires the activity of a functional immune system, involving cells called 
lymphocytes and their products. Kuby (1997) Textbook chapter 1 "Overview of the immune 
system" (3 ri ed Freeman, New York) at pp. 3-24. 

27. The term **innate immunity" is well known in the art to refer to the nonspecific 
basic resistance to disease that an individual is bom with. Innate defense mechanisms provide the 
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first line of host defense against invading pathogens until an acquired immune response 
develops. See, e.g., Kuby (1997) Textbook chapter 1 "Overview of the immune system" (3" 1 ed. 
Freeman, New York) at pp. 3-24. 

28. Thus> these terms are not indefinite as each one carries with it a well understood, 
concrete and definite meaning in the art 

29, Additionally, a person of skill in the art, upon review of the specification coupled 
with his knowledge of the art including the relevant lexicon would have understood the term "a 
degenerate cell of the immune system" to refer to a tumor cell, a cell which exhibits some 
physical characteristics common to a normal immune cell and which may, in fact, he derived 
from an immune cell, but which is an abnormal, malignant cell that may develop into a tumorous 
disease. Examples of such immune cells are those playing a role in leukemia, such as, &g., acute 
lymphatic leukemia (ALL), acute myelogenous leukemia (AML), chronic lymphocytic leukemia 
(CLL), and chronic myelogenous leukemia (CML). See, additionally, Kuby (3 Ed., 1997, 
Freeman, New York) at pp. 573-596; Kumar (1994) I Clin, Oncol. 12, 1710-1717, 

I hereby declare that all statements herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with Hie knowledge that false statements and the like so made are 
punishable by fine, imprisonment, or both, under § 1001 of Title 18 of the United States Code, 
and that such willful raise statements may jeopardize the validity of the application or any patent 
issuing thereon. 
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supervision of P/of. Dr. H.G. Gassen 

Practical courses in Immunology (Prof. Dr. Kerry O. Cox) and 

Physiology (Dr. Marc Tester) at The Flinders University, Adelaide, 

Australia and the University of Adelaide, Australia 

Doctorate study at the Institute of Biochemistry , Prof. Dr. Retey, of the 

University Karlsruhe, Germany 

Doctoral Thesis about molecular, biochemical, and structural 
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Project and laboratory manager at the biotech company BRAIN AG, 
Zwingenberg, Germany 

with special attention to the projects of the recombinant processing of 
the mistletoe proteins, of the immunotoxins and their analytical 
characterization 

Head of R & D of VISCUM AG, Bergisch Gladbach, Germany 
with special attention to R & D and pre-clinical projects on 
immunotoxins and to biotechnological production processes of proteins 
up to technical scale under cGMP 
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Since 1998 
Since 1999 
Since 1999 
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Scientific reviewer of Peer Review Journal, field: immunotoxins 
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Abstract 

For antitumor drug sensitivity testing we have been performing tne succinic 
dehydrogenase inhibition test using 3-(4 J 5-dimethylthiazol-2-yl)-2,5-diphe- 
nyltetrazolium bromide (MTT). A new tetrazolium salt 23-bis(2-rnethoxy-4- 
nitro-5-sulfophenyl)-5-[(phenyl-amino) carbonyl]-2H-tetrazolium. hydroxide 
(XTT) has been synthesized recently, and we have been conducting basic stud- 
ies using it. We were able to obtain a high degree of sensitivity by adding 
phenazine methosulfate as a promoter in this assay. In these assays 5 -there was 
a positive correlation between absorbance and cell count and XTT assay was 
more sensitive than MTT assay. In XTT assay, the production of forrriazan 
increases with reaction time over a protracted period of time,- we assessed the 
possibility of performing assays with fewer cells than MTT was. used. The 
results using cancer cell lines showed that when reacted for a longer time (6 h), 
it was possible to perform adequate assays using this method with 5,000 cells 
per well, and it will be useful when the amount of biopsy specimen is limited. 
We also evaluated the inhibition index of each of the drugs, comparing it with 
the MTT assay. / ■ ; 



Introduction 

Remarkable advances have been made in the chemo- 
terapy of malignant neoplasms in recent years, but with 
>me exceptions the results have been very inadequate. 
Eoreover, although tumor sensitivity to antitumor drugs 
nds, to some extent, to depend on the organ in which the 
imor arises, it is unrelated to the histological picture, and 
rug efficacy varies widely even in tumors classified into 
ie same histological category, in the same organ. Conse- 
aently, when conducting chemotherapy it is essential to 
lect and employ effective drugs, and to increase clinical 
ficacy, while at the same time avoiding ineffective drugs 
hich are of no avail. To achieve this goal, a variety of 



antitumor drug sensitivity tests are currently being evalu- 
ated [1-3]. One such test, the succinic dehydrogenase 
inhibition (SDI) test [4, 5], utilizes a reaction in which 
tetrazolium salts are reduced to formazans by succinic 
dehydrogenase within living cancer cells; The method 
permits quantitative determination of the efficacy of anti- 
tumor drugs. Kondo [5] used 2,3,5-triphenyl tetrazohum 
chloride (TTC) as the tetrazolium salt, but after the highly 
sensitive 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium bromide (MTT) was later synthesized. Saito et al. 
[6] and Mosmann [7] described the SDI method using 
MTT, and intense evaluations are currently in progress 
[8-11]. Recently, the new tetrazolium salt 2,3-bis(2-me- 
thoxy - 4 - nit ro - 5 - sulfophenyl) - 5 - [(phenyl - amino) car- 
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bonyl]-2H-tetrazolium hydroxide (XTT) was synthesized 
[ 1 2] and a method using XTT was reported [13]. 

In this study we performed the SDI test using XTT in 
experimental tumors and made basic comparisons with 
the method using MTT. We also made an experimental 
assessment of the possibility of performing assays with 
smaller numbers of cells, taking advantage of the special 
characteristics of XTT, and report our findings here. 



Materials and Methods 

Cell Lines 

Human stomach cancer cell lines NUGC 4, SC-l-NU, MK 28 
and large intestine cancer cell lines SW 1222, Colo 320, SW 1083, 
Colo 26 were obtained from the 2nd Department of Surgery, Nagoya 
University. These cell lines grown as monolayers in RPMI-1 640 with 
20% FCS were trypsinized with 0.25% trypsin and harvested before 
use. The viable cell count was obtained by the trypan blue exclusion 
method and adjusted to known cell counts by RPMI-1 640 with 10% 
FCS. 

Chemicals and Drugs 

MTT and PMS were obtained from Sigma Pharmaceutical, XTT 
was obtained from Polysciences. Mitomycin C (MMC), fluorouracil 
(5FU) (Kyowa Halcko), cisplatin (CDDP; Bristol Meyers Squibb Co.) 
were freshly prepared in RPMI-1 640 supplemented with 10% fetal 
calf serum (FCS) at the beginning of each experiment. 

Drug Sensitivity Test 

Both MTT and XTT assays were performed by suspending the 
cells in RPMI-1 640 + 20% FCS, pouring 100 ul each into the wells of 
a 96-well culture plate adding the antitumor agents (100 ul), arid cul- 
turing in an incubator at 37 °C for 48 h. 

After culturing in MTT assay [11], antitumor agents were washed 
out with PBS. 20 ul of MTT reagent (MTT 4 mg/ml + 0.1 M sodium 
succinic acid) was added and incubation was performed fox 3 h at 
37 °C. Then ibrmazan formed was extracted with 150 uJ of dimethyl 
sulfoxide and measured at a wavelength of 540 nm with ELISA read- 
er calculating the inhibition index (II). ' 

Jn XTT assay, XTT reagent (XTT 1 mg/ml + PMS 0.025 mM) 
was added and incubation was performed. Table 1 shows the en- 
hancement of the metabolic reduction of XTT in the presence of 
PMS. The addition of 0.01 or 0.025 mM PMS resulted in a marked 
increase in measured absorbance, and in due consideration of 
increase of background absorbance 0.025 mM PMS. was adopted. 
The XTT formazan formed was measured at a wavelength of 450 nm 
and II was calculated. Gibco RPMI-1 640 with HEPES buffer + Gib- 
co FCS was used as the medium. 

■ In both assays, to establish antitumor drug sensitivity, the II was 
calculated versus the control using the following formula: 

II = a - p/a - m x 100% 

where a = cells with no antitumor drug added + tetrazolium salt, 
p = cells with antitumor drug added + tetrazolium salt, m = back^ 
ground. 
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Fig. 1. Absorbance in XTT assay and MTT assay with varipuM-l 
numbers of cells. . . 



£el* 



[-ho. 
-18' 
JC 

Table 1 . Absorbance of XTT assay in the presence of various oin^i^^v 1 
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Relationship between Absorbance and Cell-Count$00^ j^-i- 
When NUGC4 and SW1083 were used and the J^n^ |W 1* 
and XTT assays were performed using different nurnbe^j |Colo2 
of cells, there was a positive correlation between a^sor^ ^o\o2 
bance (a - m) and cell count as shown in figure 1 . In addi- F |^ , 
tion, the XTT assay appeared to be more -sensitiy^.jhag^i 
the MTT assay and capable of being perfbrmed^|v^ fc. +; 
when there were few cells. ' v §r 
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Fig. 2. Relationship between reaction 
ae and absorbarice in the XTT (a) and 
jfj^lTT (b) assay, with various cell numbers 
JGC 4). 




Table 2. Absorbance after 3 or 6 h of incubation with various 
pumor eel] counts in the XTT assay 
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Relationship between Reaction Time and Absorbance 
of XTT and MTT Assays 

The absorbance of the MTT and XTT assays over time 
in different numbers of cells is shown in figure 2. When 
the reaction time was increased from 0 to 15 h, the XTT 
assay was more. sensitive than the MTT assay and absbr- 
bance increased with reaction time and continued to 
increase. In the MTT assay it plateaued after 3-4 h, i.e., 
the same value was obtained as in the MTT assay by Ion- ' 
ger incubation in the XTT assay with fewer cells. 

Changes in Absorbance in Tumor Cell Lines with 
Various Cell Counts 

When we performed the XTT assay after incubation of 
3 and 6 h with various kinds of tumor cells, sarcoma 1 80, 
gastric cancer cell lines (NUGC 4, MKW 28, MM 48) and 
colon cancer cell lines (SW 1222, Colo 320, SW 1083; 
Colo 3, Colo 26), in cell numbers of 500-10,000/well, the 
optical density was over 0.10 with more than 5,000 cells 
in all cell lines (table 2). 

Based on the above, we. are able to perform the XTT 
assay by using at least 5,000 cells/well and incubating with 
XTT for (j h. 

Inhibition Index Correlations in SDI Tests Using 
MTT and XTT 

The correlation of the II in the MTT and XTT assays 
with various concentrations of compounds, MMC, 
CDDP or 5FU (0.01-100 ug/ml), was investigated. There 
were positive correlations in both assays with NUGC 4, in 
the MTT assay 20,000 cells/well and 10,000 cells/well in 
the XTT assay (fig. 3). 
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Fig. 3. Relationship between the II of the XTT assay and MTT assay, with various concentrations of MMC iaV 
CDDP (b), and 5FU (c). 



Discussion 

TTC was used by Lakon [14] to sort out viable seeds, 
and later it was applied to tissue slices by Black and Klein- 
er [15]. In order to evaluate sensitivity to antitumor drugs 
quantitatively, however, Kondo et al. [4] reactivated tu- 
mor cell suspensions and reported it as the SDI test. This 
test consists of exposing tumor cells to antitumor drugs 
for a fixed period of time and then measuring cell activity 
enzymatically. It is convenient to perform, has good 
reproducibility, results can be obtained rapidly, and re- 
sponse rate is high compared with other brief-culture anti- 
tumor drug sensitivity tests. This test has also been 
reported to be useful clinically [16]. Although MTT is cur- 
rently being widely used as the tetrazolium salt for deter- 
mining enzyme activity, extremely high sensitivity was 
later reported when PMS was added to the newly synthe- 
sized compound XTT, and in the present study we com- 
pared this with the MTT assay, using tumor cell lines. 

. Both XTT and MTT are water-soluble. Although the 
formazan of MTT is not ionized, the formazan of XTT 
has a bivalent negative ion and is water-soluble. Thus, 
when the SDI test is performed using XTT, the centrifu- 
gation step and the formazan extraction step using DMSO 
etc. required when MTT is used, are unneccessary. How- 
ever, the production of formazan continues to increase 
even after 15 h when XTT is used in the SDI test, but 
plateaus after 3-4 h when MTT is used. Thus in case of 
MTT, measurements are made with approximately 50 x 
10 3 cells/well, whereas in the case of XTT, by incubating 
for 6 h, it becomes possible to measure with only 5 x 10 3 
cells/well, making the XTT assay more sensitive. We have 



investigated the optical density of the XTT assay with . 
various gastrointestinal cancer cell lines and we know that 
we can obtainenough absorbance with more than 5,000 
cells in almost all cell lines. 

In clinical cases the amount of tissue which can be 
sampled is often limited, and a sensitive test permitting 
assays with as little tissue as possible is desirable. From;' 
this standpoint the SDI test using XTT appears to be a,; 
useful sensitivity test and the result is parallel to the MTT 
assay. Sensitivity testing methods employing tetrazolium' r 
salts require a solution to the problems of cell sampling; , 
normal cell admixtures, and since these are problems 
shared with other sensitivity tests, it will be necessary to' 
proceed with additional studies in the future. 

As far as the relationship to clinical efficacy is con-: 
cerned, there have been reports claiming that correlations; 
exist equivalent to the degree observed among the results- 
of the SDI test [5, 17, 18]. According to reviews of the - 
literature comparing clinical efficacy with the results of , 
various sensitivity tests to date [19, 20], 60-69% of those ; ; 
determined to be efficacious on the basis of sensitivity , 
testing were also efficacious clinically, and 91-97% of: 
those which lacked efficacy when tested were also ineffec- 
tive clinically. This indicates that many problems remain 
in sensitivity testing at the present time, but while it is 
hard to accurately predict the usefulness of antitumor 
drugs, it is possible to predict lack of efficacy and exclude 
absurd drugs in almost every case, if we use the most 
effective drugs. Consequently, sensitivity testing appears 
to be a technique deserving wide clinical application as a 
prerequisite to cancer chemotherapy. 
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K. Hamasaki, K. Kogure and K. Ohwada. A biological method for the 
quantitative measurement of tetrodotoxin (TTX): tissue culture bioassay in 
combination with a water-soluble tetrazolium salt. Toxicon 34, 490-495, 
1996. — A tissue culture bioassay, using the mouse neuroblastoma cell line 
(Neuro2A), was improved to provide a simple and sensitive bioassay for TTX 
or sodium channel-blocking toxins (SCB). The water-soluble tetrazolium salt, 
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra2olium, 
monosodium salt (WST-1), was applied to replace the time-consuming and 
subjective cell-counting procedure of the cells with automatic measurement, 
using a microplate reader. It was also confirmed that this method is directly 
applicable to bacterial culture supernatants, with the precaution of possible 
interference. Copyright © 1996 Elsevier Science Ltd. 



A tissue culture bioassay (TCBA) using the mouse neuroblastoma cell line, Neuro 2A 
(ATCC, CCL 131), is a sensitive method for the quantitative measurement of sodium 
channel-blocking toxins such as TTX, saxitoxin (STX) and related compounds (Kogure 
et ai. t 1988a). TTX is originally produced by bacteria and subsequently distributed widely 
in various marine organisms (Noguchi et aL, 1986; Yasumoto et ai., 1986). STX and 
related toxins are originally produced by dinoflageilates and accumulated in shellfish 
through ingestion of these dinoflageilates during their blooms (Schantz, 1986). Both toxins 
occasionally cause severe poisoning through consumption of marine fishery products. It 
is important that the distribution of these toxins in marine environment is closely 
monitored. Most environmental work on these toxins relies on the mouse bioassay system 
because of its ease of use, low cost and short time course (Egmond, 1993). However, this 
method is not sensitive enough for laboratory use and, in view of ethical considerations, 
alternative methods should be adopted. 
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TCBA has been used for the low-level detection of TTX in marine environment (Kogure 
et a/., 1988b; Do et aL, 1993). If its objectivity and ease of use were improved, it could 
be a candidate for an alternative method. In this assay, the relative abundance of living 
cells in the presence of a toxin sample and two chemicals, veratridine and ouabain, which 
enhance the persistent influx of sodium ions into the cell, is used for the estimation of the 
toxin concentration in the sample. Because it depends solely on morphological change to 
distinguish dead cells from living cells, the original method is time-consuming and 
subjective. Recently, cell staining and subsequent absorbence measurement by microplate 
reader were introduced to simplify the counting process (Gallacher and Birkbeck, 1992; 
Jellett et aL y 1992). Although these improvements made the cell-counting procedure easier 
and more objective, the results are still likely to be affected by personal skill in the washing 
steps for removal of free dye and dead cells. Manger et al. (1993) reported the use of the 
tetrazolium salt 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT) 
as an indicator of living ceils. This approach seems promising because it permits the 
omission of a washing step and simplifies the counting process. However, a solubilization 
step is still required before the measurement of absorbence, as the formazan dye crystal 
generated from MTT is not readily soluble in water. 

In this study, we describe an improved and simplified method using a water-soluble 
tetrazolium salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 
monosodium salt (WST-1) which permits direct measurement without the solubilization 
step. Additionally, the interfering effect of a bacterial culture supernatant in the assay was 
checked to validate the applicability for the simple measurement of TTX produced by 
bacteria. 

Mouse neuroblastoma cells (Neuro2A) were grown in RPMI 1 640 medium supplemented 
with 10% fetal bovine serum and 1% antibiotic antimycotic solution (Sigma) in an air 
atmosphere at 37°C. Cells were removed from the culture surface by trypsinization and 
resuspended in the culture medium. TCBA was conducted following the method described 
by Kogure et al. (1988a). The final concentrations of veratridine and ouabain were 0.05 
mM and 1.0 mM, respectively. Each plate received serial concentrations of TTX to obtain 
the standard dose-response curve. A cell-counting kit (Dojindo) was used for the WST-1 
assay. WST-1 was dissolved in a solution of 1 -methoxy-5-methylphenazinium 
methylsulfate (1-methoxy PMS), which mediates and accelerates the reduction of WST-1 
(Ishiyama et aL, 1993). Mixed solution was filter-sterilized and added to each well 20-24 
hr after TTX, veratridine and ouabain exposure. After the incubation at 37°C, absorbence 
was measured at 405 nm using a microplate reader with reference wavelength at 595 nm. 
The absorbence increased in proportion to incubation time after the addition of WST-1, 
and an incubation time of 4 hr was used in this study. Shorter incubation times may be 
possible depending on the cell number and other assay conditions. 

The resulting TTX dose—response relation was sigmoidal (Fig. 1 A). Probit analysis was 
carried out using probit paper (Sokal and Rohlf, 1981). The transformed data showed a 
good regression against TTX concentration (Fig. IB). The regression equation can be used 
for quantitative measurement of TTX. The dose-response curve is similar to the curve of 
22 Na + uptake inhibition previously reported by Catterall and Nirenberg (1973). This 
suggests that WST-1 reduction responds to the inhibitory effect of TTX against Na + influx 
caused by veratridine and ouabain. In electrophysiological experiments using the squid 
giant axon and skeletal muscle fiber of the frog, both TTX and STX showed similar 
sigmoidal dose-response relations (Kao, 1986). Comparing our results with those of the 
previous reports on modified TCBA, the dose-response curve differs slightly between TTX 
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Fig. I. (A) The dose-response curve was established, with cell response expressed as relative 
absorbcnce value, calculated from the following formula: 100 x (AB - MIN)/(M AX - MIN). 
AB = absorbence at each concentration of TTX; MAX = maximum absorbencc at each concen- 
tration of TTX; and MIN = minimum absorbence at each concentration of TTX. Each point 
represents the mean and S.D. of four replicates. (B) Regression line of dose-response after probit 

transformation. 



and STX (Gallacher and Birkbeck, 1992; Jellett et a/., 1992; Manger et aL, 1993). The curve 
of STX reached a plateau at a lower concentration and was described in a narrower range 
of concentration than TTX. Responses of the Neuro2A cell to TTX and STX might be 
different. As for the comparison between MTT and WST-1 , almost identical dose-response 
curves were obtained in our additional experiments. Three kinds of solvents are available 
to solubilize formazan generated from MTT (acid isopropanol, dimethyl sulfoxide and 
sodium dodecyl sulfate). The solubilization of MTT is not only laborious, but also includes 
the risk of exposing laboratory personnel to potentially hazardous solutions. Alternative 
tetrazolium reagents such as WST-1 are reduced to a water-soluble formazan product. This 
reagent allows direct readings of absorbence, eliminating a solubilization step and further 
shortening the assay procedure. 

Escherichia coli K-12 (I AM 1264) culture supernatant supplemented with a known 
amount of TTX was used to check the applicability of the WST-1 -TCBA method to the 
measurement of TTX produced by bacteria. In previous work, TTX production was not 
detected in this strain (Simidu et al. y 1987). The supernatant was divided into fractions, 
and these fractions were supplemented with serial concentrations of TTX. When the 
dose-response curves of TTX with and without E. coli supernatant were compared, the 
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Fig. 2. The dose-response curve in the presence or absence of E. coli culture supernatant. 
E, coli was cultured in modified L medium <ML medium) containing 0.5% polypeptone, 0. 1 % yeast 
extract, 0.2% NaCl, 0.2% KC1 V 0.4% MgS0 4 7H 3 0 and 50 mM Tris-HCI in distilled water at pH 
7.5-7.6 and incubated at 20°C with shaking. After centrifugation at 7000 x g for 20 min, the 
cell-free supernatant was obtained. The supernatant was divided into small fractions, and these 
fractions were supplemented with serial concentrations of TTX. (A) Dose-response curve of TTX 
(O) contained in the supernatant; (#) without supernatant. (B) Dose-response curve of TTX (O) 
contained in the 1/4 diluted supernatant; (A) 1/8 diluted supernatant; (#) without supernatant. 



curve of TTX with supernatant gave 12-39% higher absorbence at all dilution steps 
(Fig. 2A). Escherichia coli supernatant seemed to accelerate formazan formation. In 
general, WST-1 is metabolized less efficiently than MTT, so that electron-coupling agents 
such as 1-methoxy PMS are necessary to enhance cellular reduction of WST-L The 
addition of electron-coupling agents makes the assay system more complex and possibly 
susceptible to interference by matrix constituents. This effect was observed in 1/4 diluted 
supernatant, but not in 1/8 diluted supernatant (Fig. 2B). Therefore, the interfering effect 
of bacterial culture supernatant causing overestimation in the assay would be avoidable 
by sample dilution. Such accelerating effects might vary with bacterial species. In our 
additional check on this effect, it was also seen in the supernatants of Alteromonas 
tetraodonis (GFC) and Vibrio alginolyticus (NCMB1903) but not in Bacillus subtilis 
(IF03134). For these species, such an interference effect was also avoidable by dilution. 
Furthermore, it is recommended that non-specific reduction in the sample be checked in 
the absence of ouabain and veratridine as a control. Net toxin concentration should be 
calculated by correcting the data with the control value. 
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Intrinsically, identification of TTX is impossible only by TCBA because this method is 
not specific for TTX but detects any kind of SCB toxin or antagonist of veratridine. 
However, this remains a useful assay for biochemical studies on a particular bacterium 
which has been already confirmed as a TTX producer. In the future, combination with 
immunological methods using anti-STX or anti-TTX antibody will lead to rapid and even 
specific detection of toxin-producing bacteria (Chu and Fan, 1985; Kaufman et a!., 1991; 
Raybould et al. 7 1992). 

WST-1-TCBA is simple, owing to the omission of both washing and solubilizing steps. 
The dose of TTX producing half-maximal cell protection in our method (6.6 nM) was 
lower than that obtained by another modified method (Gallacher and Birkbeck, 1992). The 
sensitivity is about 100 times higher than that of the mouse bioassay and several times 
higher than that of the original TCBA. Once samples are loaded in the tissue culture plate 
with two chemicals, measurement with a microplate reader provides quantitative data. This 
enables rapid and sensitive analysis of large numbers of samples. TCBA is promising as 
a substitute method for the mouse bioassay, and in the future more work should be 
directed to comparing these two methods and to revealing the inhibitory effects of natural 
samples in the assay. 
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New Coloiimetric Cytotoxicity Assay for 
Anticancer-Drug Screening 

Philip Skehan,* Ritsa Storeng, Dominic Scudiero, Anne Monks, James 
McMahon, David Vistica, Jonathan T. Warren, Heidi Bokesch, Susan 
Kenney, Michael R. Boyd 



We have developed a rapid, sensitive, and inexpensive 
method for measuring the cellular protein content of adher- 
ent and suspension cultures in 96-welI microtiter plates. The 
method is suitable for ordinary laboratory purposes and for 
very large-scale applications, such as the National Cancer 
Institute's disease-oriented in vitro anticancer-drug dis- 
covery screen, which requires the use of several million 
culture wells per year. Cultures fixed with trichloroacetic 
acid were stained for 30 minutes with 0.4% (wt/vol) sul- 
forhodamine B (SRB) dissolved in 1 % acetic acid. Unbound 
dye was removed by four washes with 1% acetic acid, and 
protein-bound dye was extracted with 10 mAf unbuffered Tris 
base [tris (hydroxymethyl)aminomethane] for determination 
> of optical density in a computer-interfaced, 96- well microtiter 
plate reader. The SRB assay results were linear with the 
number of cells and with values for cellularprotein measured 
by both the Lowry and Bradford assays at densities ranging 
from sparse subconfluence to multilayered supraconfluence. 
The signal-to-noise ratio at 564 nm was approximately 1.5 
with 1,000 cells per well. The sensitivity of the SRB assay 
compared favorably with sensitivities of several fluorescence 
assays and was superior to those of both the Lowry and 
Bradford assays and to those of 20 other visible dyes. The 
SRB assay provides a colorimetric end point that is nonde- 
structive, indefinitely stable, and visible to the naked eye. It 
provides a sensitive measure of drug-induced cytotoxicity, is 
useful in quantitating clonogenicity, and is well suited to 
high-volume, automated drug screening. SRB fluoresces 
strongly with laser excitation at 488 nm and can be measured 
quantitatively at the single-cell level by static fluorescence 
cytometry. [J Natl Cancer Inst 82:1107-1112, 1990] 

The recent emergence of computer-interfaced fiber-optic read- 
. ' . ; ers *° r 96- well microtiter plates has provided the basis for rapid in 
Vltro cytotoxicity analysis that is particularly well suited to 
^J^ l Preclinical drug discovery and development. Although a variety 
J ^ctrophotometric methods are available for the analysis of 



large numbers of cells, few possess the sensitivity required by the 
semi-micro dimensions of microtiter plates. Fewer still are 
suitable for the very high volume of samples involved in large- 
scale drug screens, such as the disease-oriented in vitro antican- 
cer-drug discovery project of the National Cancer Institute (NCI). 
This project tests 10,000 or more samples each year in a manner 
that requires the analysis of several million individual wells (7). 

We compared the abilities of .21 histological dyes to measure 
cell density and drug cytotoxicity in.96-well microtiter plates. 
The dyes bind electrostatically to macromolecular counterions in 
cells fixed with trichloroacetic acid (TCA) (2-4), which allows 
their binding and solubilization to be controlled by variations in 
pH (2). In one pH range, the dyes bind stoichiometricaDy to target 
macromolecular counterions, whereas in another, they can be 
quantitatively extracted for measurement of optical density (2). 

Thirteen of the dyes stained well enough to provide an adequate 
basis for assay of cytotoxicity in 96- well plates. Optimized 
protocols were developed for the seven best dyes. Four of these 
were anionic protein stains with sulfonic or sulfinic groups that 
bind electrostatically to protein basic amino acid residues under 
mildly acidic conditions (2-5). These dyes can be quantitatively 
extracted from cells and solubilized for optical density measure- 
ment by weak bases (2). The other three dyes were cationic dyes 
that bind electrostatically to macromolecular negative fixed 
charges (3,4). Under mildly basic conditions, these dyes bind to 
proteins, RNA, DNA, and glycosamirioglycans, serving as gen- 
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eral biomass stains (4). They can be extracted from cells with a 
weak acid. 



Materials and Methods 
Cells 

We performed preliminary experiments with the human 
A-2780 ovarian, HT-29 colon, and UO-31 renal tumor cell lines 
to identify the most promising dyes, which were subsequently 
examined in detail with some or all of the cell lines currently used 
in the NCI's in vitro anticancer-drug screen (6~). 

Stock cultures were grown in T-75 flasks containing 50 mL of 
RPMI-1640 medium with glutamine, bicarbonate, and 5% fetal 
calf serum. Medium was changed at 48-hour intervals. Cells were 
dissociated with 0.25% trypsin and 3 mM 1 ,2-cyclohexanedi- 
aminetetraacetic acid in NKT buffer (137 mM NaCl, 5.4 mM. 
KC1, and 10 mMTris;pH 7.4). Experimental cultures were plated 
in microtiter plates (Costar, Cambridge, MA) containing 0.2 mL 
of growth medium per well at densities of 1,000-200,000 cells 
per well. 

Dyes 

Dyes were purchased from Sigma Chemical Co., St. Louis, 
MO. Preliminary studies were conducted with each of these 21 
dyes to determine whether each stained cells more intensely at 
acidic, neutral, or basic pH (2). The anionic dyes bromophenol 
blue, chromotrope 2R, Coomassie brilliant blue, naphthol yellow 
S, orange G, and sulforhodamine B (SRB) were dissolved in 1% 
acetic acid for cell staining and extracted from cells with 10 mM 
unbuffered Tris base [tris(hydroxymethyl)arninomethane]. The 
cationic dyes acridine orange, azure A, azure B, azure C, cresyl 
violet acetate, methyl green, methylene blue, phenosafranin, 
safranin O, thionin, and toluidine blue O were dissolved in 
unbuffered 10 mM Tris base to stain cells and were resolubilized 
for measurement of optical density with either 1% or 10% acetic 
acid: The cationic dyes ethidium bromide, propidium iodide, and 
pyronin B were dissolved in water for staining. Although these 
are excellent fluorescent dyes (7), their staining intensity was 
poor at visible wavelengths. Crystal violet was dissolved in 10% 
ethanol and 90% water at a neutral pH; its staining intensity varied 
considerably from one cell line to another. The absorption 
maximum of each dye in its solubilizing solution was determined 
with a DU-70 scanning spectrophotometer (Beckman Instru- 
ments, Inc., Fullerton, CA). 

Cell Fixation 

Washing cultures with buffer prior to fixation to remove serum 
protein commonly caused cell detachment and loss. To avoid this 
potential problem, cultures were fixed with TCA before washing. 
Cells attached to the plastic substratum were fixed by gently 
layering 50 uJL of cold 50% TCA (4 °C) on top of the growth 
medium in each well to produce a final TCA concentration of 
10%. The cultures. were incubated at 4 °C for 1 hour and then 
washed five times with tap water to remove TCA, growth 
medium, and low-molecular- weight metabolites, and serum pro- 
tein. Plates were air dried and[ then stored until use. Background" 
optical densities were measured in wells incubated with growth 
medium without cells. 



Cells in suspension were allowed to settle out of solution. 
When these cells were physically resting on the bottom of the 
wells, 50 u-L of cold 80% TCA (4 °C) was gently layered on top of 
the overlying growth medium. The cultures were left undisturbed 
for 5 minutes and then refrigerated at 4 °C for an additional hour 
of fixation. This procedure led to the attachment of single cell 
suspensions to the plastic substratum, provided that cells were in 
contact with it when the fixative was applied. This method was as 
effective in promoting cell attachment as were cytospinning and 
using the macromolecular adhesive Cell-Tak (Biopolymers, 
Farmington, CT). However, it did not adequately attach cells that 
grew as floating aggregates rather than as single cell suspensions. 
Small cell lung carcinoma lines were particularly unsuited to this 
method of fixation. 

Following fixation, suspension cultures were processed with 
procedures identical to those used for cultures of cells attached to 
the" plastic substratum. After cells were stained and washed, 
individual wells were checked for cell detachment (clear spots or 
regions in the normally homogeneous pink carpet of cells), a 
potentially important source of artifact with cell suspensions; 
Although 80% TCA caused cells from suspensions to adhere to 
the plastic substratum, this attachment was extremely sensitive to 
movement, and very gentle handling of both the cells and the 
TCA was required. The efficiency of this attachment varied with 
cell type: cells from some cell lines were well attached by this 
method, while others were not. 

Organic solvents such as ethanol and methanol were not 
suitable fixatives for the dye assays. When mixed with growth 
medium, these solvents generated intense interfacial shearing 
forces, which could be seen by phase-contrast microscopy to rip 
cells from the substratum, lysing many in the process. These 
shearing forces represented a major source of fixation artifacts 
and were not diminished by prior aspiration of the growth 
medium. Aqueous fixatives did not produce this effect. TCA and 
perchloric acid both gave extremely rapid fixation, and no 
morphological artifacts were observable by phase-contrast mi- 
croscopy; Formaldehyde was less satisfactory. It caused the 
formation of extensive plasma membrane blebs with a concomi- 
tant loss of cytoplasmic protein. Glutaraldehyde was unsuitable 
for the purposes of this study, because of its ability to interfere 
with dye-protein interactions by reacting with and masking the 
positive fixed charges of protein amino groups (8). In addition, 
formaldehyde also caused the loss of nuclear structure in some 
cell lines. 

Background Levels 

Background levels of SRB staining were sensitive to the length 
of TCA fixation and serum concentration. Cultures could be left 
in TCA for several hours with little increase in background optical 
density (OD), which was typically about 0.035 OD units at 520 
nm for 96- well plates. When cells were left in TCA overnight, the 
background OD doubled. Similarly, the background OD of 
medium containing 10% fetal calf serum was twice that of 
medium containing 5% fetal calf serum. 

Optimized Staining Protocols 

An optimized protocol (2) was developed for each of the dyes 
examined in detail . A plateau staining time was determined from 
the binding kinetics of a 2% dye solution. Optimal destaining was 
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achieved by determining the number of washes necessary to 
remove unbound dye without desorbing cell-associated stain. A 
supramaximal dye concentration that fully saturated cellular 
binding sites was determined by dose-response analysis of 
heavily confluent multilayers. 

SRB Assay 

TCA-fixed cells were stained for 30 minutes with 0.4% 
(wt/vol) SRB dissolved in 1% acetic acid. At the end of the 
staining period, SRB was removed and cultures were quickly 
rinsed four times with 1% acetic acid to remove unbound dye. 
The acetic acid was poured directly into the culture wells from a 
beaker. This procedure permitted rinsing to be performed quickly 
so that desorption of protein-bound dye did not occur. Residual 
wash solution was removed by sharply flicking plates over a sink, 
which ensured the complete removal of rinsing solution. Because 
of the strong capillary action in 96- well plates, draining by 
gravity alone often failed to remove the rinse solution when plates 
were simply inverted. After being rinsed, the cultures were air 
dried until no standing moisture was visible. Bound dye was 
solubilized with 10 mM unbuffered Tris base (pH 10.5) for 5 
minutes on a gyratory shaker. 

OD was read in either a UVmax microliter plate reader 
(Molecular Devices, Menlo Park, CA) or a Beckman DU-70 
spectrophotometer. For maximum sensitivity, OD was measured 
at 564 nm. Because readings were linear with dye concentrations 
only below 1 .8 OD units, however, suboptimal wavelengths were 
generally used, so that all samples in an experiment remained 
within the linear OD range. With most cell lines, wavelengths of 
approximately 490-530 nm worked well for this purpose . 

Optical Density Linearity 

Curves of OD versus dye concentration were generally linear to 
1 .5-2.0 OD units. When the linearity range was exceeded, it was 
necessary either to dilute an aliquot and reread its OD or to use a 
suboptimal wavelength as a filter to reduce OD and extend the 
working range of dye concentrations that fell within the limits of 
linearity. This second method was generally more convenient but 
had the disadvantage of reducing resolution at low cell density. 
The problem was averted by reading samples at two separate 
wavelengths, then converting one to another with a least-squares 
linear regression equation determined over the range of OD 
values that were linear for both wavelengths. 



Culture Cell Protein Analysis 

Cell protein was measured by the Oyama and Eagle modifica- 
tion of the Lowry method, with bovine serum albumin used as a 
standard (9). The contents of individual wells were digested with 
0.5 M NaOH. Aliquots of the digest were diluted with 0.5 M 
NaOH to a final volume of 0.4 mL and mixed with 2 mL of Lowry 
C solution. To this mixture was added 0.2 mL of Folin-Ciocal- 
teu's phenol reagent (Sigma Chemical Co.) diluted 5:4 with 
distilled water. Color was allowed to develop for 30 minutes, and 
OD was measured at 660 nm. 

Cell protein was also measured by the Bradford Coomassie 
brilliant blue dye method (70) using Pierce protein assay reagent 
(Pierce Chemical Co. , Rockford, IL). The contents of individual 
wells were digested with 0. 1 mL of 0.5 M NaOH. The digest was 
mixed with 4 volumes of 0.5 M NaOH and 5 volumes of Pierce 
reagent and agitated on a gyratory shaker for 5 minutes. Absor- 
bance was then measured at 595 nm. A calibration curve was 
constructed, with bovine serum albumin used as a standard. 

Results 

Comparison of Dyes, 

Of the 21 dyes tested, 13 stained TCA-fixed cultures suffi- 
ciently well to provide the basis for a quantitative assay of cell 
number and drug cytotoxicity in a 96- well plate. These dyes were 
acridine orange, azure A, azure B , bromophenol blue, chrorho- 
trope 2R, cresyl violet acetate, methylene blue, orange G, 
phenosafranin, safranin O, SRB, thionin, and toluidine blue O. 
Four of these dyes were protein stains, while the remainder were 
general macromolecular biomass stains (2-5). The other eight 
dyes either stained too lightly to be useful or stained different cell 
lines with widely varying intensity. These dyes were azure C, 
Coomassie brilliant blue, crystal violet, ethidium bromide, 
methyl green, naphthol yellow S, prbpidium iodide, and pyronin B. 

The most intensely staining dyes were bromophenol blue and 
SRB, both of which are protein stains. They Were closely 
followed by thionin, azure A, and toluidine blue O, which are 
thiazin quinone-imine cationic biomass stains. 

There was no clear advantage to any one of these dyes at high 
cell densities. All commonly produced OD values for confluent 
cultures that exceeded their linearity limits. At low cell densities, 
however, SRB was distinctly superior in signal-to-noise ratio 
(table 1). Results were quantitative at densities above 2,500 cells 



Table 1. Optimal staining protocols for selected dyes* 



Dye 



SRB 
ORG 
BPB 
CTR 
TNM 

azra 

TBO 



Concentration 
(%) 


Staining 
solutiont 


Minimum stain 
time (min) 


No. of 
washes 


Solubilizing 
solutiont 


Optimal 
wavelength (nm) 


Signal-to- noise 
ratio at 5,000 
cells per well 


Resolution 
(X10 3 cells per well) 


0.4 


AcOH 


15 


4 


Tris 


564 


4.83 


1-2 


1.5 


AcOH 


5 


3 


Tris 


478 


2.46 


2-3 


1.0 


AcOH 


20 


4 


Tris 


590 


1.92 


3-4 


0.25 


AcOH 


30 


3 


Tris 


508 


2.03 


4-5 


0.3 


Tris 


10 


4 


AcOH 


594 


1.56 


>5 


0.25 


Tris 


30 


4 


AcOH 


628 


1.18 


>10 


0.2 


Tris 


10 


3 


AcOH 


626 


1.16 


>10 



thion- atl °A S ^ Vere determined { or human JiT-29 colon adenocarcinoma cells. ORGs 

"in, AZRA = azure A, TBO = toluidine blue, AcOH = acetic acid. 
' ' 01 utl0ns w ere either 1% acetic acid or 10 mM unbuffered Tris base. 



. ange G, BPB = bromophenol blue, CTR = chromotrope 2R, TNN = 
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Figure 1. Optimization of SRB assay parameters for HT-29 colon adenocarci- 
noma cells in 96- well microliter plates. SRB binding was determined as a function 
of time (upper left) r dye concentration (upper right), number of destaining washes 
(lower left), and dye volume per unit area of cell culture (lower right). Cells were 
heavily confluent fOT optimizing dye volume per unit area and nearly confluent in 
the other experiments. Optical densities were measured with a UVmax plate 
reader at the wavelength setting (550, 520, or 490 nm) that provided the greatest 
sensitivity while remaining below the limit of linearity of 1.8 OD units. 



per well and semiquantitative at 1 ,000 cells per well. Most of the 
other dyes examined had limits of resolution of 5,000-10,000 
cells per well. 

As a group, the protein stains tended to provide slightly better 
resolution than the biomass stains. Thus, two of the organosulfo- 
nic protein stains, chromotrope 2R and orange G, while not 
staining as intensely as some of the other dyes, had signal- 
to-noise ratios that were among the best at low cell densities 



(table 1 ). Their lower staining intensity was offset by the fact that 
they could be measured at their optimal wavelengths. This gave 
them an effective sensitivity nearly equal to that of SRB and 
bromophenol blue and superior to that of thionin. all of which had 
to be measured at suboptimal wavelengths to ensure that their 
measured OD values were within the range of linearity. 

Optimized Protocols 

Optimized protocols were developed for several of the dyes 
that provided better resolution (table 1). Data for SRB are shown 
in figure 1. SRB optimizations performed for more than 60 
human tumor cell lines gave optimized protocols that were 
essentially identical. However, optimized parameters did change 
slightly from one commercial lot of SRB to the next. It is 
therefore advisable that the staining protocol be individually 
reqptimized for each new lot of dye. 

A threefold increase in sensitivity was achieved by measuring 
SRB fluorometrically. SRB fluoresced strongly with laser exci- 
tation at 488 nm and could be quantitated at the single-cell level 
by static fluorescence cytometry. 

SRB Calibration 

Linearity of the SRB assay with cell number was evaluated by 
plating twofold serial dilutions of rapidly adhering cells (human 
H-23 lung cancer, SK-MEL-28 and UACC-62 melanoma, and 
SKOV-3 ovarian cancer cell lines). Cultures were fixed with 
TCA as soon as attachment was completed. The SRB assay was 
linear with the number of cells at densities ranging from 1% to 
more than 200% of confluence (fig. 2). Least-squares linear 
correlation coefficients for the SRB-cell number relationship in 
the four cell lines were 0.9999, 0.9998, 0.9989, and 0.9998, 
respectively . For non-drug-treated HT-29 colon adenocarcinoma 
cells, regression analysis showed, an average correlation coeffi- 
cient of 0.9727 for the SRB and Bradford assays. For 37 drugs 
producing 135 data points on the decreasing portions of their 
dose-response curves, the correlation coefficient for the SRB and 
Lowry assays with HT-29 cells was 0.9855 (fig. 3). All correla- 
tions were statistically significant at P < .001 . 

From the best-fit parameters of the least-squares analyses, the 
cell protein determination by the Lowry assay was equal to 




Figure 2. Calibration of the SRB, 
Lowry, and Bradford assays vs. num- 
ber of cells. Cells were plated at den- 
sities of 25,000-600,000 cells per 
square centimeter in 96-weIl micro ti- 
ter plates with a surface area of 0.32 
cm 5 . This corresponds to a density 
range of approximately 1 %-2009fe of 
confluence. Cultures were fixed with 
TCA as soon as cells were attached. 
Growth during this period was negli- 
gible. 
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Figure 3. Comparison of the SRB and Lowry assays in evaluating drug-induced 
cytotoxicity. HT-29 colon adenocarcinoma cells wereincubated for 48 hr with six 
concentrations of each of 37 clinical and experimental anticancer drugs. At the 
end of the incubation period, replicate cultures were separately evaluted by the 
SRB and Lowry assays. Each measurement was performed in triplicate. The data 
represent the 137 points that fell on descending arms of the Lowry dose-response 
curves. The least-squares correlation coefficient for the SRB-Lowry regression 
was 0.9855 (P < .001). Drugs included doxorubicin, 6-azauridine, colchicine, 
chromomycin A 3 , cytarabine, ellipticine, erythromycin, fluorouracil, homohar' 
ringtonine, mercaptopurine, methotrexate, mitomycin, podophyllotoxin, vin- 
blastine, and vincristine. 



. : ' (137:6 x SRB OD 520 units) + 1.615, while the cell protein 
- determination by the Bradford assay was equal to (7.386 x SRB 
v : ^;.OD 52Q units) 4- 0.549, in micrograms of bovine serum albumin 
>^>V e quivalents. (OD 520 = OD at 520 nm.) 

;-v SRB Assay 

: -fe;':^ The SRB assay provided a rapid and sensitive method for 
measuring the drug-induced cytotoxicity in both attached and 
;; H;V suspension cultures in 96-well microtiter plates. Representative 
dose-response curves for fluorouracil and cisplatin are shown in 
>f lg * 4 ' SRB raining was also of use in assays of colony formation 
|,-;/l&^ d colony extinction, permitting colony counts to be compared 
'i^;^. ? ltfl the ce H protein content of the. same cultures (data not 
4^^;shown): 

-J is a bri S nt pink aminoxanthene dye with two sulfonic 
| .^ ou ps (3). Its histochemistry is similar to that of related dyes, 
as Coomassie brilliant blue, bromophenol blue, and naph- 
* S>v^ : vj 01 y elIow S, which are used widely as protein stains (2-5). 
f K#'X V nder mildly acidic conditions, SRB binds to protein basic amino 
| ; 'S|^ ac !f resid "es in TCA-fixed cells to provide a sensitive index of 
~ elIuIar protein content that is linear over a cell density range of at 
f * ' l 2 ° rders of ma gnitude (fig. 2). 

I^^M-y ^ the d yes examined in. the present study, SRB provided the 
?^S^-> t 3Kl COmblnation of staining intensity and signal-to-noise ratio 
■iSSfi:^. ] ^ Its sensitivity is comparable to the sensitivities of some 
WW*$X\ SC&Itt dyes WW** superior to those of conventional 
^I^^bI 6 dyCS V> 8 > ] °.*3-l6r>fig. 2). The 100-fold range of 
.:^^^^^ r ^? t y of the SRB assay far exceeds that of the Lowry and 
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Bradford assays, eliminating the- need for time-consuming and 
error-prone dilutions of samples with high-protein contents. 

Color development in the SRB assay is rapid, stable, and 
visible. The OD of SRB can be measured over a broad range of 
visible wavelengths in either spectrophotometers or 96-well plate 
readers. 

With a properly optimized protocol, SRB staining reaches a 
true and stable end point that does not have to be measured within 
any fixed period of time. When air dried, both TCA-fixed and 
SRB-stained samples can be stored indefinitely without deterio- 
ration. Tris-solubilized SRB is also stable for extended periods, 
provided that evaporation does not occur. 

The SRB staining method is nondestructive in the sense that it 
is not necessary to digest samples. This allows cultures from 
which dye has been extracted to be restained and saved for future 
reference. The Tris extraction solution, however, does cause 
some deterioration in the morphology of samples fixed in 5% or 
10% TCA or air dried for short periods of time. This deterioration 
is accompanied by the solubilization and loss of some cell 
protein. These effects can be reduced by extending fixation, 
storing air-dried samples for several weeks prior to Tris extrac- 
tion, and minimizing the time of sample exposure to Tris. 

Although the SRB assay was originally developed for cells 
attached to a plastic substratum, a variation of the method with an. 
elevated TCA concentration was adequate for a number of cell 
lines in suspension culture, including the murine P388 lymphoma 
and the human CCRF-CEM, K562, MOLT-4, HL-60, and 
RPMI-8226 leukemia lines. This modified method was also 
useful for cell lines with weakly adherent monolayer cells or with 
adherent cultures that shed floating cells or small aggregates into 
the surrounding growth medium. 




Figure 4. Cytotoxicity analysis in 96-well microtiter plates using the SRB assay 
to identify human tumor cell lines differentially sensitive to cisplatin and 
fluorouracil. Cell lines used in the cisplatin experiment were SF-268 central 
nervous system (CNS) cancer (■), HT-29 colon adenocarcinoma (o), RPMI-8226 
leukemia (*), M19-MEL melanoma (A). H-460 non-small cell lung cancer (A ), 
OVCAR-4 ovarian cancer (•), and CAKI-1 renal cancer (Q). Cell lines used in the 
fluorouracil experiment were XF-498 CNS cancer (o), HCT-1 16 colon cancer 
(A), MOLT-4 leukemia (o), SK-MEL-5 melanoma (a), H-460 non-small cell 
lung cancer (Q) ; and OVCAR-8 ovarian cancer (•). Cultures were preincubated in 
growth medium for 24 hr to permit recovery from trypsinization and then 
incubated for an additional 48 hr with control medium or test solution in growth 
medium. The H-460, HCT-1 16, and HT-29 cell lines were plated at 5,000 cells 
per well; the CAK1-I , M19-MEL, OVCAR-4, OVCAR-8, and SK-MEL-5 cell 
fcra- ai 10,000 cells per well; the SF-268 cell line at 15,000 cells per well; the 
and XF-498 cell lines at 20,000 cells per well; and the MOLT-4 cell 
line at 30,000 cells per well. 
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The SRB assay provides a sensitive method for measuring drug 
cytotoxicity in culture. In a pilot study of the NCI's in vitro 
anticancer-drug discovery project, the SRB assay was used to 
examine the differential sensitivities of 60 human tumor cell lines 
to more than 1,000 test compounds (1 ,6,17,18). The method 
appears to offer several advantages over the MTT and XTT assays 
{19,20) for very large-scale drug screening. 1 The SRB assay was 
simpler, faster, and more sensitive than the MTT assay, provided 
better linearity with cell number, permitted the use of saturating 
dye concentrations, was less sensitive to environmental fluctua- 
tions, was independent of intermediary metabolism, and pro- 
vided a fixed end point that did not require a time-sensitive 
measurement of initial reaction velocity (21,22). 
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Contributed by Eric S. Lander, July 17, 2001 

In an effort to develop a genomics-based approach to the predic- 
tion of drug response, we have developed an algorithm for 
classification of cell line chemosensitivity based on gene expres- 
sion profiles alone. Using oligonucleotide microarrays, the expres- 
sion levels of 6,817 genes were measured in a panel of 60 human 
cancer cell lines (the NCI-60) for which the chemosensitivity profiles 
of thousands of chemical compounds have been determined. We 
sought to determine whether the gene expression signatures of 
untreated cells were sufficient for the prediction of chemosensi- 
tivity. Gene expression-based classifiers of sensitivity or resistance 
for 232 compounds were generated and then evaluated on inde- 
pendent sets of data. The classifiers were designed to be indepen- 
dent of the cells' tissue of origin. The accuracy of chemosensitivity 
prediction was considerably better than would be expected by 
chance. Eighty-eight of 232 expression-based classifiers performed 
accurately (with P < 0.05) on an independent test set, whereas only 
12 of the 232 would be expected to do so by chance. These results 
suggest that at least for a subset of compounds genomic ap- 
proaches to chemosensitivity prediction are feasible. 

A long-term goal of pharmacogenomics research is the 
accurate prediction of patient response to drugs, as it would 
facilitate the individualization of patient treatment. Such an 
approach is particularly needed in cancer therapy, where com- 
monly used agents are ineffective in many patients, and where 
side effects are common, given the nonspecific mechanism of 
action of most chemotherapeutic drugs. Previous efforts to use 
genetic information to predict drug sensitivity primarily have 
focused on individual genes that have broad effects, such as 
multidrug resistance genes mdrl and mrpl (1). Here we describe 
a predictive methodology that seeks to tap more complex genetic 
contributions to drug sensitivity. The recent development of 
DNA microarrays, which permit the simultaneous measurement 
of the expression levels of thousands of genes, raises the possi- 
bility of an unbiased, genomewide approach to the genetic basis 
of drug response. 

Prediction of chemosensitivity in the clinic is particularly 
challenging because drug responses reflect not only properties 
intrinsic to the target cell, but also host metabolic properties. By 
modeling this approach in cultured cells, we limited our study to 
cell-intrinsic properties that are exposed in culture. A panel of 
60 such cancer cell lines has been used extensively by the 
National Cancer Institute's Developmental Therapeutics Pro- 
gram, and the merits and limitations of their use as screening 
tools for drug development have been described (2-5). These cell 
lines have been analyzed for their sensitivity to a broad range of 
chemical compounds and thus offer an extensive database for the 
testing of our methodology. 

We investigated the feasibility of chemosensitivity prediction 
by using oligonucleotide microarrays to measure the expression 
levels of 6,817 genes in each of the 60 cell lines in the NCI-60 
panel. The data can be found at www.genome.wi.mit.edu/MPR/ 

www.pnas.org/cgi/doi/10. 1 073/pnas. 1 91 368598 



NCI 60/NC1 60.html. We then asked whether patterns of gene 
expression were sufficient to predict sensitivity or resistance of 
the cell lines to 232 chemical compounds. To maintain statistical 
rigor, the data set was divided into two groups — a training set, 
which was used to develop a gene expression-based chemosen- 
sitivity classifier, and a test set, on which we evaluated the 
accuracy of the classifier. When compared with random predic- 
tion, a significant number of the expression -based classifiers 
performed accurately, indicating that the response of cancer cell 
lines to drugs is indeed predictable. 

Materials and Methods 

Compound Selection. The 60 cell lines were previously assayed for 
their sensitivity to a variety of compounds as a part of the 
Developmental Therapeutics Program at the National Cancer 
Institute, as described (refs. 2 and 3; see also: http:// 
dtp.nci.nih.gov). Briefly, each cell line was exposed to each 
compound for 48 h, and growth inhibition was assessed by the 
sulforhodamine B assay for cellular protein. The concentration 
of compound required for 50% growth inhibition was scored as 
the GI 50 . For each compound, logi 0 (GI 5 o) values were normal- 
ized across the 60 cell lines. Cell lines with logx^GIso) at least 0.8 
SDs above the mean were defined as resistant to the compound, 
whereas those with logi 0 (GI 5 o) at least 0.8 SDs below the mean 
were defined as sensitive. Cell lines with log 10 (GI 50 ) within 0.8 
SDs of the mean were considered to be intermediate and were 
eliminated from analysis. Prediction analysis was performed for 
compounds that had a minimum of 30 sensitive and resistant 
lines, with at least 10 each sensitive and resistant. To avoid 
choosing drug compounds with narrow dynamic ranges of drug 
responses, which are essentially sensitive or resistant to most of 
the 60 cell lines, we also required that the 1.6-SD window around 
the mean GI50 correspond to at least 1 order of magnitude in raw 
GI50 values. Of 5,084 compounds evaluated, 232 met these 
criteria. Importantly, gene expression data were not used in any 
way in compound selection. 

Training and test Set Selection. For each selected compound, a set 
of training cell lines was chosen in the following manner. Within 
each tissue type (e.g., breast cancer; see Results), the most 
sensitive and most resistant cell line were chosen. If a tissue type 
lacked either sensitive or resistant cell lines according to the 
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criteria above, it was not used in training. All sensitive or 
resistant cell lines not selected for training were reserved as a test 
set for final evaluation of the classifier. 

Gene Expression Data. RN A was isolated as described (6). Poly(A) 
selected RNA (1.5 fxg) from each cell line was used to prepare 
biotinylated cRNA targets as described (7); details are provided 
at www.genome.wi.mit.edu/MPR. Targets were hybridized to 
Affymetrix (Santa Clara, CA) high-density Hu6800 arrays, 
washed, stained with phycoerythrin-conjugated streptavidin 
(Molecular Probes), and signal-amplified with biotinylated anti- 
streptavidin antibody (Vector Laboratories). Expression values 
(average difference units) were calculated by using Affymetrix 
genechip software. An expression level of 100 units was as- 
signed to measurements <100. 

An earlier version of the gene expression data was generated 
by hybridizing the biotinylated targets to an earlier-generation, 
low-density Affymetrix HU6800 four-chip set (HU6800 subA, 
subB, subC, subD). These data were analyzed by Butte et al. (13), 
using relevance networks, and are available at http:// 
www.genome.wi.mit.edu/MPR. However, all analyses described 
in this article were performed on the data from the newer, higher 
density arrays. 

Weighted Voting Classification. We used a weighted voting scheme 
to classify each cell line as sensitive or resistant on the basis of 
gene expression data. In this scheme, a set of marker genes 
"vote" on the class of each cell line (8). For each compound 
being classified, genes were excluded if they varied by less than 
5-fold and 500 units across training cell lines, and by less than 
2-fold across each pair of training cell lines of a single tissue type. 
The remaining genes on the microarray were ranked according 
to the correlation between their expression level and the sensi- 
tivity and resistance profile of the training cell lines. We used a 
measure of correlation, P(g,c) t as described (8). Let [ju.l(g), 
<rl(g)] and [n2(g) y o2(g)] denote the means and SDs of the 
expression levels of gene g for the samples in class 1 and class 2, 
respectively. Let P(g,c) = [^(g) - ^2(g))/[ al(g) + cr2(g)], 
which reflects the difference between the class means relative to 
the variance within the classes. Large values of P(g,c) indicate 
strong correlation between gene expression and class distinction, 
whereas the sign of P(g,c) indicates whether higher expression 
correlates with class 1 or class 2. The vote for each gene can be 
expressed as the weighted difference between the normalized log 
expression in the cell line to be classified and the average of the 
sensitive and resistance class mean expression levels, where 
weighting is determined by the correlation >P(g,c) from the 
training set. The class of the cell line is determined by the sum 
of votes for all marker genes used in a classifier. In previous work 
(8), classification was subjected to a confidence (prediction 
strength) threshold; no such threshold was used here. 

Optimizing Classifiers by Cross-Validation. Classifiers with 1—200 
marker genes were used for training set cross-validation to 
determine the number of marker genes that best classify each 
compound. For each classifier, cross-validation was performed 
with the entire training set: one cell line was removed, the 
classifier was trained on the remaining cell lines and then tested 
for its ability to classify the withheld cell line. This procedure was 
repeated for each cell line in the training set. Cross-validation 
accuracy rates are available at www.genome.wi.mit.edu/MPR/ 
NC160/NC160.html. 

Evaluating Classifier Accuracy. The model that was most accurate 
in cross-validation was chosen as the optimized classifier for that 
compound. In the case of multiple models that scored identically, 
the model with the larger number of genes was chosen. The 
training set-optimized classifier for each compound was then 
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used to classify test cell lines. Performance was measured as the 
average of the accuracy of classifying sensitive cell lines and the 
accuracy of classifying resistant cell lines. As a control, 1,000 
iterations of a simulation were run to classify the same 232 test 
sets by random coin flip. The distributions from observed and 
random results were compared by using the Kolmogorov- 
Smirnov test (9), which is a test for whether two sets of data are 
drawn from different distributions (see www.genome.wi.mit. 
edu/MPR/NC160/NC160.html for details). 

For computing the significance of individual classifier perfor- 
mance, we computed the probability of the observed prediction 
accuracy occurring by chance if such predictions were the result 
of a fair coin flip. Consider a compound with n cell lines in the 
test set, and a classifier that predicts j of the n cell lines correctly. 
Because training introduces no class bias, the probability of 
doing at least this well by chance, Pr(/ correct predictions), is the 
same as Pr(s:J heads of n fair coin flips), which can be repre- 
sented as 



Results 

Our classification scheme is outlined in Fig. 1. We approached 
chemosensitivity prediction as a binary classification problem, 
and thus for each compound, two classes of cell lines were 
defined: sensitive and resistant. The majority of the 5,084 
compounds demonstrated relatively uniform growth inhibitory 
activities (GI50) across the 60 cancer cell lines, but we restricted 
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Fig. 2. Example of compound (NSC 749; Azaguanine) 
with bimodal distribution of growth inhibition. For each 
compound, log (G I so) values were normalized across the 60 
cell lines, and cell lines with log(Gl S0 ) within 0.8 SDs of the 
mean are eliminated from analysis; remaining cell lines 
were defined as sensitive or resistant to the compound. 
Compounds with at least 30 cell lines outside the 1.6-SD 
window, and for which the window represents at least 1 
order of magnitude in raw Gl 50 data were analyzed fur- 
ther. A total of 232 compounds met these criteria. 



our analysis to compounds that included a balance of sensitive 
and resistant lines (see Materials and Methods and Fig. 2). A total 
of 232 compounds met these criteria (see www.genome.wi.mit. 
edu/MPR/NC160/NC160.html for complete list of compounds 
and cell lines). 

For each of the 232 compounds, the sensitive and resistant cell 
lines were divided into a training set and a test set, again by using 
only drug sensitivity data to make these assignments. One 
approach would be to select a set of cell lines at random for 
training and use the remaining lines as a test set. The problem 
with this approach is that the cell lines in the NCI-60 panel are 
derived from nine broad categories of tissue of origin (lung, 
breast, colon, kidney, bone marrow, melanocyte, central nervous 
system, prostate, and ovary). Sensitivity to some drugs correlates 
with tissue of origin, and thus one runs the risk of developing 
classifiers that simply classify according to tissue type, rather 
than according to drug sensitivity per se. To circumvent this 
problem, we designed "tissue-aware" training sets. Each training 
set included one sensitive and one resistant cell line from each 
of multiple tissue types. A tissue type was used in training only 
if it included both sensitive and resistant cell lines for the 
compound, and thus the 232 training sets contained variable 
numbers of cell lines (6 to 18). For each compound, the 
remaining cell lines (16 to 35) were reserved as a test set that was 
used to independently evaluate prediction accuracy. All reported 
prediction accuracies are for test set samples only. 

To create a gene expression database, RNA was extracted 
from the 60 cell lines before any drug treatment. These RNAs 
were then analyzed on oligonucleotide microarrays containing 
probes for 6,817 -known human genes. The genes were not 
selected to be particularly informative for the present experi- 
ments, but rather they represent the named human genes 
identified in GenBank at the time the array was designed. The 
expression levels of the 6,817 genes in each of the 60 cell lines 
are available at www.genome.wi.mit.edu/MPR/NC160/ 
NC160.html. 

To build and train classifiers, we used both drug sensitivity 
data and gene expression data. The GI50 profile of each training 
set was used as a template for marker gene selection. Each gene 
was ranked according to the correlation in the training set 
between its expression level and the sensitivity-resistance class 
distinction (see Materials and Methods). Classification (sensitive 
vs. resistant) was performed by using a weighted voting algo- 



rithm, in which correlated genes "vote" on whether a cell line is 
predicted to be sensitive or resistant (8). The vote for each gene 
is a function of its expression in the cell line to be classified and 
the degree to which its expression is correlated with sensitivity 
or resistance in the training set (see Materials and Methods). 
Classifiers with up to 200 correlated genes were tested through 
cross-validation by holding back one cell line, training on the 
remaining lines, predicting the class of the withheld line, and 
repeating this cycle for each cell line in the training set. For each 
compound, the classifier model that was most accurate in 
training set cross-validation was selected as the optimized clas- 
sifier for that compound, and it was evaluated without further 
modification on the independent test set. Each optimized clas- 
sifier contained between five and 200 genes, with an average 
of 68 genes per classifier (all classifier genes and weights are 
available at www.genome.wi.mit.edu/MPR/NC160/NC160. 
html). This process of cross-validation diminishes the problem of 
overfilling during selection of the optimal classifier, a particular 
problem when dealing with small number of cases and large 
numbers of variables. 

Each classifier, optimized on a training set, was evaluated on 
a test set of cell lines that had not participated in training. The 
distribution of accuracies from expression -based classification 
was compared with the distribution obtained from random 
classification of the same 232 test sets (Fig. 3). The difference 
between the two distributions is highly significant, as indicated 
by the Kolmogorov-Smirnov test (P < 10~ 24 ) (9, 10), with the 
expression-based distribution clearly skewed toward higher 
accuracy. 

The significance of each classifier's performance was assessed 
by determining the probability of obtaining the observed accu- 
racy rate by chance if each classification was the result of a fair 
coin toss (see Materials and Methods). A total of 88 of 232 (38%) 
expression-based classifiers performed accurately with a signif- 
icance of P < 0.05, whereas only 12 such classifiers (5% of 232) 
would be expected to do so by chance. The statistically significant 
classifiers had a median accuracy of 75% (range 64% to 92%). 
This result indicates that for a substantial subset of compounds 
gene expression data were sufficient for accurate prediction of 
chemosensitivity. 

The compounds whose chemosensitivity was highly predict- 
able spanned multiple structural categories, the majority func- 
tioning through unknown mechanisms of action. We observed 
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Fig. 3. Distribution of classification accuracies for 232 compounds. Percent accuracy for each compound is the average accuracy for classification of sensitive 
and resistant test cell lines. The control distribution represents results obtained from random classification (1,000 iterations) of the 232 test sets. 



no obvious connection between mechanism of drug action and 
classifier accuracy. No obvious relationship was seen between 
prediction accuracy and number of genes used or number of cell 
lines used for training (data not shown). 

In addition to yielding accurate predictors of chemosensitivity, 
the gene expression data generated herein provide potential 
insights into mechanisms of drug resistance. In general, the gene 
expression correlates of drug sensitivity were complex, and their 
biological significance not easily interpret able (all lists of genes 
and weights are available at www.genome.wi.mit.edu/MPR/ 
NCI 60/NC1 60.html). Our method required variable expression 
across multiple pairs of training cell lines, which explains some 
notable absences, such as mdrl, whose expression level surpassed 
our detection threshold (100 average difference units) in only 
three cell lines. However, anecdotal relationships between cor- 
related marker genes and known mechanisms of drug action 
suggest that marker genes may provide insights into mechanisms 
of drug action — or of sensitivity or resistance — for compounds 
with unknown mechanism of action. 

For example, the 120-gene classifier for cytochalasin D (NSC 
209835) classified 20 cell lines with accuracy of 80% (significant 
at a threshold of P < 0.0013). The marker genes for the 
cytochalasin D classifier included 29 genes (24%) related to the 
cytoskeleton or extracellular matrix (ECM). This set is enriched 
relative to the <**5% known cytoskeletal/ECM genes on the 
entire array (data not shown). The top 30 cytochalasin D marker 
genes are shown in Fig. 4, along with the expression level of each 
gene across the 20 cell lines (a classifier built on only 30 genes 
similarly yields 80% accuracy). Cytochalasin D binds to actin and 
induces dimers that interfere with polymerization, thus disrupt- 
ing cytoskeletal integrity (11), but it has not been previously 
suspected that the expression pattern of cytoskeletal genes in 
untreated cells would be predictive of cytochalasin D sensitivity. 
Interestingly, an excess of cytoskeletal/ECM genes also was 
observed for a number of other classifiers, including ones for 
compounds that are not thought to act through cytoskeletal 
components. For example, the 100-gene classifier for the anti- 



folate, NSC 633713 is highly accurate (87.5% accuracy; signifi- 
cant at a threshold of P < 0.0003) and includes 21 (21%) 
cytoskeletal/ECM genes. It is possible that cytoskeletal signa- 
tures may reflect cellular components that influence sensitivity 
to a variety of compounds rather than functioning as direct 
targets of compound activity. 

Discussion 

Implicit in the goal of personalized medicine is the notion that 
an individual patient's response to drugs should be predictable. 
However, experimental data supporting the genetic basis of 
differential drug response are limited. We report here a system- 
atic approach for gene expression-based prediction of chemo- 
sensitivity. We have applied this methodology to the prediction 
of cytotoxicity for 232 compounds in 60 cell lines by using the 
gene expression profiles of untreated cells. The NCI-60 panel has 
been used extensively in drug evaluation efforts at the National 
Cancer Institute, and more recently, it has been studied at the 
gene expression level by using an alternative approach to gene 
expression profiling (cDNA microarrays) (6, 12). Those and 
other studies (13) clearly demonstrate that biological correlates 
of gene expression are identifiable. In the present study, we 
explored whether such gene-drug correlates are sufficiently 
robust to permit development of a chemosensitivity classifier 
built exclusively on gene expression data. 

A particular challenge in such an effort is the small size of the 
data set. DNA microarrays allow for the measurement of 
thousands of genes, yet most experiments contain relatively few 
samples. The NCI-60 panel contains a total of 60 cell lines, but 
only 2-9 cell lines represent each tissue type (e.g., kidney, colon). 
When analyzing small data sets, one runs the risk of overfitting 
a model to the data. This can result in overestimating the 
classifier's accuracy. We addressed this problem in two ways. 
First, we used a leave-one-out cross-validation procedure to 
build the prediction models. Second, we divided the data set into 
two parts: a training set on which chemosensitivity predictors 
were developed, and a test set, on which they were evaluated. 
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Plasminogen activator inhibitor 
Inhibitor of DNA binding 3 
Lysyl oxidase-retated protein 
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TGF-beta induced gene product 
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relative expression across cell lines: 



Fig. 4. Top 30 classifier genes for cytochalasin D (NSC-209835). The red and blue matrix represents the normalized expression patterns for each gene across 
the ceil lines (brightest red indicates highest relative expression, darkest blue indicate, lowest relative expression). (Top) The sensitive and resistant celt lines are 
shown. Tissue of origin for each cell line is indicated as follows: L, lung (nonsmall cell); C, colon; B, breast; O, ovarian; E, leukemia; R, renal; M, melanoma; P, 
prostate; N, central nervous system. Lines used as training sets are shown in bold. The list at right shows the weighting factor [measure of correlation; weights 
were computed by using negative log(Glso) values and thus a positive value correlates with sensitivity], the GenBank accession number, and the gene name. Genes 
whose products are known to have cytoskeletal and/or extracellular matrix functions are shown in bold. 



One disadvantage to this approach is that it further reduces the 
size of the data set used to generate the model, and therefore 
accuracy can be potentially compromised. A particular goal of 
this study was thus to determine whether a data set of only 60 
diverse cell lines would be sufficiently large to generate accurate, 
statistically significant chemosensitivity classifiers. 

Given the above limitations, the observed accuracies are quite 
remarkable. Classification accuracy was far greater than one 
would expect by chance alone, with approximately one-third of 
the evaluated compounds being predictable with statistical 
significance (P < 0.05). These results suggest that, for at least 
some compounds, chemosensitivity is predictable by using only 
the gene expression patterns of untreated cells. The results 
further suggest that the identification of such patterns is feasible 
in data sets of only modest size. 

The training sets were specifically designed to identify gene 
expression correlates of chemosensitivity within a tissue type, so 
as to reduce the confounding problem of chemosensitivity-tissue 
type correlations. However, such correlations may not be en- 
tirely avoided by the method. The selection of extreme cell lines 
within a given tissue type (i.e., those with the highest and lowest 
GI50S) for the training of the classifier leaves open the possibility 
that the training samples are atypical in their lack of chemosen- 



sitivity-tissue type correlation. For example, the classification of 
cytochalasin D sensitivity (Fig. 4) is in part correlated with tissue 
type in that the ovarian cancer cell lines tend to be resistant, 
whereas the central nervous system (CNS) cell lines are sensitive. 
Notably, neither ovarian nor CNS cell lines were used to train the 
classifier. 

For some compounds, gene-based classification was no more 
accurate than random classification. There are several possible 
explanations for this. First, we measured the expression level of 
only 6,817 genes, estimated to represent roughly one-fifth of the 
human genome (14). It is possible that if the entire genome were 
analyzed, the number of compounds with predictable chemo- 
sensitivity would increase. It is also conceivable that alternative 
gene selection or machine learning algorithms would be more 
successful. Second, we limited ourselves to a binary classification 
scheme, whereas a multiclass or continuous definition of sensi- 
tivity may be more appropriate for some compounds. It is likely 
that larger data set would be required for such efforts. Finally, 
for some compounds, chemosensitivity may be governed by 
mechanisms that are not readily revealed at the transcriptional 
level, such as posttranscriptional regulation, posttranslational 
modification, proteasome function, or protein-protein interac- 
tions. The ability to increase prediction accuracy by capturing 
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such information by using proteomic approaches, for example, 
remains to be determined. 

To achieve the goal of personalized medicine, chemosensitiv- 
ity prediction must be extended beyond cell line models to 
include the analysis of primary patient material, and the pre- 
diction of intermediate levels of chemosensitivity that were not 
addressed in our experiments. Although few clinical studies have 
been reported to date, early indications are that clinically 
relevant gene expression patterns can be extracted from tumor 
samples (8, 12, 15, 16). However, the current study demonstrates 
the potential for screening samples for genetic determinants of 
drug sensitivity and, thus, suggests that the goal of individual- 
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izing patient treatment plans based on genetic features of a 
tumor may indeed be feasible. 
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ABSTRACT 

We have previously described the application of an automated micro- 

• culture tetrazolium assay (MTA) involving dimethyl sulfoxide solubiliza- 
tion of cellular-generated 3-{4,5-dimethylthiazo]-2-yl)-2 s 5-diphenylterra- 
zolium bromide (MTT)-formazan to the in vitro assessment of drug 
effects on cell growth (M. C. Alley et di. f Proc Am. Assoc. Cancer Res., 
27?3&9, 1986; M. C. Alley et al. t Cancer Res. 48: 589-601, 1988). There 
arje several inherent disadvantages of this assay, including the safety 

: hazard of personnel exposure to large quantities of dimethyl sulfoxide, 
pie deleterious effects of this solvent on laboratory equipment, and the_ 

. inefficient metabolism of MTT by some human cell lines. Recognition 
of these limitations prompted development, of possible alternative 
MTAs utilizing a different tetrazolium reagent, 2 r 3-bis(2-raethoxy-4- 
nitro-5-suIfophenyl>5-l(phenylamino)carbony!]-2^-tetrazoIium hydrox- 

- ide (XTT), which is metabolically reduced in viable cells to a water- 
soluble formazan product. This reagent allows direct absorb a nee readings, 
therefore eliminating a solubilization step and shortening the microculture 
growth assay procedure. Most human tumor cell lines examined metab- 
olized XTT Jess efficiently than MTT; however, the addition of phenazine 
metbosulfate (PMS) markedly enhanced cellular reduction of XTT. In 
the presence of PMS, the XTT reagent yielded usable absorbance values 
for growth and drug sensitivity evaluations with a variety of cell lines. 
Depending on the metabolic reductive capacity of a given cell line, the 
optimal conditions for a 4-h XTT incubation assay were 50 /ig of XTT 
. and 0.15 to 0.4 "Tig Jbf PMS per well. Drug" profiles 'obtained with 
representative human tumor cell lines for several stand arci.com pounds 
utilizing the XT 1 -PMS methodology were similar to the profiles obtained 
with MTT. Addition of PMS appeared to have little effect on the 
metabolism of MTT. The new XTT reagent thus provides for a simplified, 
in vitro cell growth assay with possible applicability to a variety of 
problems in cellular pharmacology and biology. However, the MTA using 
the XTT reagent still shares many of the limitations and potential pitfalls 
of MTT or other tetrazolium- based assays. 

INTRODUCTION 

The metabolic reduction of soluble tetrazolium salts to insol- 
uble colored formazans has been exploited for many years For 
histochemical localization of enzyme activities (1, 2). In one of 
the earliest efforts to develop a practical in vitro, drug sensitivity 
test, Black and Speer (3) utilized a tetrazoliurh/formazan 
method to assess inhibition of dehydrogenase activity by cancer 
chemotherapeutic drugs in slices of excised tissue. As an in situ 
vital staining process this phenomenon has also been used for 
identifying viable colonies of mammalian cells in soft agar 
culture (4) and for facilitating in vitro drug sensitivity assays 
with human tumor cell populations in primary culture (5). 
Mosmann (6) described a tetrazolium-based assay which al- 
lowed rapid measurement of growth of lymphoid cell popula- 
tions and their response-to lymphokines. Recent reports from 
our laboratories (7, 8) and others (9, 10) have described modi- 



fications of Mosmann *s procedure for 7« vitro assay of tumor 
cell response to chemotherapeutic agents. We have found that 
this MTA 3 approach allows reproducible estimates^pf drug 
sensitivity in a variety of human and other tumor ceffHiries. 
Moreover, because^ its microscale and potential for agna- 
tion, the MTA is one of several assays ua^ler consideration by 
the National Cancer Institute for potendaS-^pUcati t 6n to a 
large-scale antitumor drug-screening program U^SJl _ ' 

The previously described-MTA (7, 8) requires DMSO solu-_ 
bilization of MTT-formazan generated by cellular reduction of 
the MTT tetrazolium reagent. This step is not only laborious, * 
but also may risk exposure of laboratory personnel to large 
quantities of potentially hazardous solutions in DMSO. Fre- 
quent DMSO exposure also produces deleteriousef&cts upon 
some laboratory equipment. Therefore, to allow^the investiga- 
tion of a simplified MTA and to address potential probfems 
associated with solvent handling, a series of new tetrazolntni 
salts have been developed which, upon metabolic reduction Vy 
viable cells, yield aqueous-soluble formazans (1 1).. In this paper... 
we describe the development of one such tetrazolium saJt(XTT) 
and its application to the MTA. 

MATERIALS AND METHODS 

Cell Lines and Culture. Cell lines (Table 1 ) were maintained as stocks 
in RPMI 1640 (Quality Biological, Gaithersburg, MD) supplemented 
with 10% fetal bovine serum (Sterile Systems, Logan, UT) and 2 mM 
L-glutamine (Central Medium Laboratory, NCI-FCRF). Cell cultures 
were passaged once or twice weekly using Irypsbi-EDTA (Central 
Medium Laboratory, NCI-FCRF) to detach the cells from their culture 
flasks. 

Drugs. All experimental agents were obtained from the Drug Syn- 
thesis and Chemistry Branch, Developmental Therapeutics Program, 
DCT, NCI. Crystalline stock materials were stored at -7CTC and 
.solubilized in 100% DMSO. Compounds were diluted into complete 
medium (RPMI 1640 plus fetal bovine serum) plus 0.5% DMSO before 
addition to cell cultures. 

MTT-Microculture Tetrazolium Assay. Cellular growth in the pres- 
ence or absence of experimental agents was determined using the 
previously described MTT-microculture tetrazolium assay (7, 8). 
Briefly, rapidly growing cells were harvested, counted, and inoculated 
at the appropriate concentrations (lOO-pl volume) into 96-welI micro- 
liter plates-using a multichannel pipeL After 24 h, drugs were applied 
(100-mI volume) to triplicate culture wells, and cultures were incubated 
for 6 days at 37'C. MTT (Sigma, St. Louis, MO) was prepared at S 
mg/ml in PBS (Dulbecco and Vogt formulation, without calcium and 
magnesium; Quality Biological, Gaithersburg, MD) and storedat 4'C 
On Day 7, MTT was diluted 1 to 5 in medium without senjm (in the 
MTA described in Refs. 7 and 8, MTT was diluted in complete medium 
containing 10% fetal bovine serum), and 50 u\ were added tormicrocul- 
ture wells. After 4-h incubation at 37*C, 250 ,d were removed from 
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Table I Cell strains used in this study 

MTT/XTT absorbance" with the following PMS concentrations* 



Cell line 


Origin 


Source 


0.0 mjvt 


0.0 IDM 


0.001 m.M 


0.01 DIM 


0.0250 tom 


H23 


Lung adenocarcinoma 


a< 


1.176 


0.105 


0.115 


0.492 


1.224 


H322 


Lung bronchioloalveolaj carcinoma. 


a r 


0.738 


D.242 


0.256 


0.561 


1.337 


H324 


Lung adenocarcinoma 


a r 


0.492 


0.031 


0.052 


0.710 


1. 110 


H358 


Lung bronchioloalveolaj carcinoma 


a* 


0.545 


0.077 


0081 


0.266 


0.637 


H460 


Lung large cell carcinoma 


a e 


2.580 


0.288 


0.342 


1.688 


2.830 


A549 


Lung adenocarcinoma 


b" 


2.700 


0.233 


0.356 


2.360 


2.804 


LOX 


Malignant melanoma 


c* 


1.030 


0.201 


0.266 


1.489 


2.279 


HT-29 


Colon adenocarcinoma 


b* 


1.914 


0.201 


0.196 


1.014 


1.555 


MCF-7 


Breast adenocarcinoma 


d' 


1.110 


0.086 


0.093 


0.374 


0.828 


CCD- 19 1-U 


Lung fibroblast 


b" 


0.356 


0.109 


0.120 


0.369 


1.090 


MCRo 


Lung fibroblast 


b" 


0.326 


0.186 


0.211 


0.300 


0.695 


W138 


Lung fibroblast 


fa* 


0.257 


0.045 


0.092 


0.317 


0.747 


P388 


Murine leukemia 


e* 


0.674 


0.101 


0.174 


0.426 


1.262 




Background (n = 13) 




0.023 ± 0.006* 


0.175 ± 0.031 


0.186 ± 0.057 


0.204 ± 0.034 


0.250 ± 0.015 



* Data represent average absorbance minus background from triplicate wells. Cells were inoculated at 1250 cells/well. Culture duration was for 7 days, and IvITT 
-*r X I I incubation for 4 h at 37"C. 

" PMS concentration: 0.001 jom = 0.015 Mg/well; 0.01 mM ^ 0.1 5 pg/well; 0.025 mM = 0.38 f/g/well. 

e Supplied by Dr. A. Gazdar, Navy Medical Oncology Branch, Division of Cancer Treatment, NCI, Bethesda, MD. 

rf Obtained from the American Type Culture Collection, Roclrville, MD. 

* Supplied by Dr. O. Fodstad, Norwegian Radium Hospital, Oslo, Norway. 

f Supplied liy Dr. K. Cowan, Clinical Pharmacology Branch, Division of Cancer Treatment, NCI, Bethesda, MD. 

* Supplied by the NQ : DCT Tumor Repository, NCI-FCRF, Frederick, MD. 

* Mean ± SD of 39 triplicate well background measurements. 



each well, and 150 fi\ of 100% DMSO were added to solubilize the 
MTT- formazan product. After thorough mixing with a mechanical 
plate mixer, absorbance at 540 nm was measured with a Dynatech 
Model MR 600 mciroplate reader. 

XTT-MicrucuHure Terrazolium Assay. The new tetrazolium reagent 
(XTT) was designed to yield a suitably colored, aqueous-soluble, non- 
toxic formazan upon metabolic reduction by viable cells. The chemical 
structures of M l J , XTT, and their respective formazan reduction 
products are shown in Fig. 1. The presence of two sulfonic acid groups 
in XTT is the key to its aqueous solubility in both the tetxazolium ion 
form and the formazan form. XTT has a single net negative charge at 
physio logical pH, and bioreduction of the central positively charged 
tetrazolium nucleus increases the net charge to two. The corresponding 
reduction of MTT reduces the net positive charge to zero, and thus the 
MTT formazan is quite insoluble. For the present investigations, XTT 
-■'as obtained by a synthetic procedure described elsewhere (11). The 
,TT reagent is now available from at least one commercial supplier 
(Polysciences, Warrington. PA). 

The XTT-assay methodology was essentially the same as that de- 
scribed using the Mil reagent with the following modifications: XTT 
was prepared at 1 mg/ml in prewarmed (37 *C) medium without serum. 
PMS (Sigma, St. Louis. MO; Catalogue No. P9625) was prepared at 5 



Tetratoi;urn Formazan 




HO, 



Fig. I. Structures of MTT and XTT letrazolhim and formazan. 



mM (1.53 mg/ml) in PBS. The 5 mM PMS solution was stable at 4"C 
for at least 3 mo. MEN (Sigma; Catalogue No. M5625) was prepared 
at 10 mM (1.72 mg/ml) in acetone. MEN was prepared fresh immedi- 
ately before use. Fresh XTT and PMS were mixed together at the 
appropriate concentrations. For a 0.025 mM PMS-XTT solution, 25 *J 
of the stock 5 mM PMS were added per 5 ml of XTT (1 mg/ml). Fifty 
fil of this mixture (final concentration, 50 >*g of XTT and 0.38 fu.% of 
PMS per well) were added to each well on Day 7 after cell inoculation. 
For experiments designed to examine various PMS concentrations, 5 
mM PMS was diluted in PBS before addition to the 1 -mg/ml solution 
of XTT. After an appropriate incubation at 37"C (4 h unless otherwise 
indicated), the plates were mixed on a mechanical plate shaker, and 
absorbance at 450 nm was measured with the Dynatech Model MR 
600. Absorption spectra of tetrazoliura reagents, formazan products, 
and cellular-generated formazans were measured with a Beckman 
Model MVI scanning spectrophotometer. 

RESULTS 

Metabolic Reduction of XTT by Human Cells. To determine 
the suitability of the new XTT reagent for a microculture growth 
inhibition methodology, we investigated the ability of several 
human tumor cell lines to reduce XTT to a measurable aqueous- 
soluble formazan product. Table 2 shows typical MTT and 
XTT metabolism data for different cell inoculation, densities. 
Two human lung tumor cell lines were incubated for different 
times with MTT (only 4-h data shown) or XTT, and the 
absorbances were measured. Cell line A549 reduced MTT far 
more efficiently than H 322, illustrating two extremes of cellular 
metabolic ability. Neither cell line was able to efficiently reduce 
XTT during the 4-h incubation time, thus making obligatory' 
longer incubation times for the generation of a substantial 
absorbance. These data also indicated that the formazan prod- 
uct resulting from the cellular reduction of XTT was no? toxic 
to human tumor cells over the 96-h period of this experiment. 
The absorbance continued to increase, and microscopic exam- 
ination of cv.hures confirmed that cells remained viable in the 
prese h.'jK *_»f ».he X i I -for maz an . Table I compares absorbance 
roeasi^ .-.-.ents with MTT and XTT for several cell lines. In all 
cases the metabolic reduction of the tetrazolium was substan- 
tially less for XTT than for MTT (Tabls 1). Table I also 
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Table 2 Metabolism ofMTT or XTT 



MTT/XTT absorbance* at the 
following metabolism iime e 



Cell line 


Cell 
density* 


MTT. 
4 h 


4 h 


8 h 


XTT 
24 b 


48 b 


96 h 




10 


0.15 


0.02 


0.02 


0.07 


0.22 


0.35 




20 


0.28 


0.03 


0.08 


0.18 


0.40 


0.52 




39 


ft 


0 07 


u.u / 


U.Jz 


0.59 


0.65 




78 


0.95 


0.14 


0.14 


0.44 


0.85 


0.97 




156 


1.39 


0.15 


0.12 


0.53 


0.82 


1.20 




312 


1.6! 


0.20 


0.14 


0.55 


0.85 


1.2! 




62S 


1.68 


0.16 


0.14 


0.54 


0.83 


1.46 




1,250 


1.62 


0.17 


0.18 


0.52 


0.82 


1.43 




2,500 


1.71 


0.16 


0.19 


0.50 


0.80 


1.92 




5.000 


1.62 


0.18 


0.27 


0.52 


0.82 


1.85 




10,000 


1.75 


0.18 


0.32 


0.54 


0.86 


1.97 


K322 


10 


0.00 


0.00 


0.00 


0.02 


0.01 


0.03 




20 


0.00 


0.01 


0.00 


0.02 


0.02 


0.04 




39 


0.00 


0.01 


0.01 


0.02 


0.04 


0.06 




78 


0.01 


0.02 


0.02 


0.05 


0.09 


0.13 




156 


0.02 


0.03 


0.04 


0.11 


0.18 


0.30 




312 


0.04 


0.06 


0.09 


0.21 


0.35 


0.45 




625 


0.25 


0.09 


0.15 


0.34 


0.41 


0.63 




1,250 


0.48 


0.15 


0.22 


0.48 


0.53 


0.74 




2.500 


0.65 


0.17 


0.27 


0.55 


0.63 


0.89 




5,000 


0.78 


0.17 


0.26 


0.52 


0.68 


0.93 




10,000 


0.86 


0.15 


0.23 


0.48 


0.65 


0.91 



* The inoculation cell density: cells inoculated/well. 

* Data represent average absorbances minus background from triplicate wells. 
Culture duration was for 7 days. 

c Plates were incubated at 37"C in 5% C0 3 for the indicated time. 



illustrates the marked enhancement of the metabolic reduction 
of XTT in the presence of the electron -coupling agent, phena- 
zine methosulfate (1). The addition of 0.01 or 0.025 mM PMS 
(0.15 or 0.38 /xg/well) resulted in a marked increase in measured 
absorbance, and absorbance measurements generally were equal 
to or greater than those obtained for MTT. One complication 
of the addition of PMS was an increase of background absorb- 
ance (no cells in the well) with increasing concentrations of 
added PMS (Table 1). With the conventional MTA the liquid 
medium is aspirated from the assay well prior to solubilization 
of the formazan product. This step results in lower background 
absorbance with MTT in comparison to XTT, since with the 
soluble XTT derivative, the aspiration step is deleted. Back- 
ground absorbances at PMS concentrations equal or less than 
0.3r» ^g/well are nevertheless acceptable, since control absorb- 
ances are at least 3.5-fold greater than background at the 
optimal PMS concentration. 

On occasion, we have observed crystal formation in micro- 
culture v.-eUs containing PMS and XTT, sometimes resulting 
diminished absorbance measurements for some cell lines. 
Thr presence of such crystals in a given microplate renders the 
c£le .difficult to interpret and compromises the reproducibility 
and validity of an experiment. En addition to high-pressure 
Hquid chromatography and mass spectroscopy analysis of crys- 
tals, we initiated studies to examine Che potential role of several 
experimental variables in crystal formation: pH; temperature; 
cell density; and incubation time. Presently we conclude that 
PMS is necessary for crystal formation, and that an alkaline 
pH (which can occur if plates are removed from their CO; 
environment for too long z time) exacerbates the problem. We 
do not yet have an experimer.taj solution io this occasional 
interference by crystal formation; rhus, until this problem is 
resolved, careful microscopic examination of individual micro- 
culture wells is necessary to. ensure the absence of crystal 
formation in a given experiment. All data presented in this 
paper result from experiments in which crystal formation was 
not observed. In addition, we are examining the utility of other 

48. 
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electron-coupling agents as a substitute for PMS ire an XTT- 
MTA. In initial experiments, one such agent, menadione (1), 
has proved promising, resulting in both a manageable back- 
ground and iarge enough absorbance values for several cell lines 
tested (Table 3). After careful microscopic observation, we have 
yet to observe crystal formation in experiments utiiLzing XTT 
in combination with menadione; however, since our total ex- 
perience with menadione is thus far more limited than with 
PMS, we cannot yet conclude that crystal formation is totally 
eliminated with this alternative electron-coupling reagent. 

To evaluate the relationship between measured absorbance 
and viable cell number at the time of tetratohum addition, cells 
were plated, allowed to attach for 1 h, and incubated with MTT 
or XTT plus PMS for 4 h (Fig. 2). At optimal PMS plus XTT 
conditions (as with MTT), absorbances peak and plateau at 
different inoculation densities depending on the cell line being 
studied; From such data (Fig. 2) a range of cell densities which 
give rise to a detectable and relatively linear range of absorbance 
values can be determined for each cell line at a given assay 
duration. An extensive discussion of the effects of inoculation 
density and culture duration is given in Ref. 8. 

XTT-metabolism data for the murine leukemia cell Line, 
P388, are also given in Table 1 . The conventional MTA requires 
the use of a centrifugation step prior to medium aspiration for 
P388 and other suspension cell lines. Use of the XTT reagent 
eliminates the need for centrifugation of suspension cell lines. 
XTT has proved useful for other suspension cultures, including 
human leukemia cell lines (data not shown). ° 

The absorbance values obtained with two human cell lines as 
a function of PMS concentration are given in Fig. 3. From data 
such as these, we have determined that all of the cell lines 
examined thus far yield adequately quantifiable absorbance 
measurements when incubated with XTT plus 0.01 to 0.025 
mM PMS. Some of the cell lines which metabolized MTT less 
efficiently also required a larger PMS concentration to yield 
adequate absorbance values. The addition of PMS had little 
qualitative or quantitative effect on the MTT response of the 
cell lines tested (Fig. 3). 

Spectral Characteristics of XTT Tetrazolium/Fdrmazan. Spec- 
tral analysis of the MTT and XTT/formazan products derived 
from A549 cells in culture is shown in Fig. 4. Although the 
absorbance spectrum of XTT is rather different than for MTT, 
the addition of PMS resulted in little qualitative difference in 
either spectrum. The absorbance maxima for celrular-generated 
DMSO-solubilized MTT-formazan and aqueous-soluble XTT/ 
formazan are 560 and 475 nm 7 respectively. XTT/forma^an 
can be easily discriminated from the background or from the 
unreacted XTT tetrazolium reagent, ^ 

Application of XTT to Drug Sensitivity Assays, To»determine 
the suitability of the XTT assay for large-scale drugl screening, 
we utilized XTT microcultuxe methodology to generate drug 
sensitivity profiles for some representative standard compounds 
and experimental agents. Figs. 5 and 6 show drug profiles 
generated for Adriamycin-treated H324 cells using both the 
MTT and XTT reagents. The profiles were very similar for 
both reagents supplemented with 0.005 to 0.01 mM PMS. 
Lower PMS concentrations resulted in very low XTT absorb- 
ance measurements precluding accurate drug treatment analy- 
sis. The drug profiles using MTT were virtually identical for all 
F*MS c: neenrrations studied. Treatment of human rumor cell 
'I--' v.-Lih several other experimental compounds resulted in 
i.\.-.v.p arable ICso values (drug concentrations resulting in a 50% 
inhibition of growth) for either the MTT or XTT methodology 
(Table 4). Analysis of the data in Table 4 using the Spearman 
:9 
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Table 3 Comparison of menadione and phenazine rnethosuffate in the XTT-MTA 



MTT/XTT absorbance at the following PMS/MEN concentration 6 



XTT 





MTT, 


0.01 rriM 


0.025 mM 


0.01 mM 


0.05 [DM 


0.10 him 


0.20 mM 


Cell line 


0 


PMS 


PMS 


MEN 


MEN 


MEN 


MEN 


A549 


1.947 


1.433 


2.110 


1.065 


1.107 


3.057 


2.973 . 


L,OX 


K026 


0.403 


1.514 


1.059 


0.789 


0.740 


1.573 


H322 


0.535 


0.409 


0.802 


0.651 


0-937 


(.151 


1.312 


H460 


2.124 


1.721 


2.427 


0.987 


1.241 


2.763 


3.210 


MCF-7 


1.443 


0.553 


0.737 


0.459 


1.434 


1.299 


1.551 


HT-29 


1.464 


1.0S4 


1.411 


0.300 


0.953 


1.519 


2.553 


H23 


1.042 


0.423 


1.241 


0.217 


0.472 


1.121 


1.324 


Background (« — 7) 


0.022 ± 0.006* 


0.210 ± 0.010 


0.191 ± 0.01 1 


0.187 ± 0.014 


0.120 ±0.044 


0.126 =0.038 


0.109 ±0.021 



" Data represent average absorbance minus background from triplicate wells. Cells were inoculated at 1250 cells/well, culture duration was 7 days, and MTT or 
XTT metabolism was for 4 h at 37 *C. 

4 PMS concentration: 0.01 mM = 0.15 Mg/^ell; 0.025 mM = 0.38 ftg/well. MEN concentration: 0.01 mM = D.0S6 ^g/well; 0.05 mM 0.43 mS/wsII; 0.10 mjvt = 
0.86 M&/"*ell; 0- 20 mM = wg/vftll. 

c Mean ± SD of 21 well background measurements. 




0.0001 0.0005 0.001 0.005 0.01 0.025 0.05 
Phenszlne Me tho sulfate Concentration (mM) 



0.1 



4C 50 BO 

Cells/WelM « 1000) 

Fig. 2. Absorbance measurement as a function of viable cell density: MTT (A) 
ano XTT (5). Viable cells were plated at the indicated cell density, allowed to 
attach for 1 h. and incubated with MTT or XTT plus 0.025 mM PMS (0.38 ;/g/ 
well) for 4 b. A549 (O), H4&0 <Q>. MCF-7 (Cx) : HS22 (V), LOX' (®), HT-29 (H). 

rank-order correlation method rev^aitd a highly significant 
association between ICfo's derived frorri N1TT arid XTT assays 
(r =0.76,^ -0.0001). 

DISCUSSION 

In exploring the suitability of a new microculture methodol- 
ogy for large-scale drug screening in the NCI/DCT drug-screen- 



Fig. 3. Absorbance measurement as a funccion of PMS concentration. The 
PMS concentration indicated on the abscissa is the concentration of PMS in the 
XTT -PMS solution added to microculture wells. Culture duration, 7 davs. A 549 
MTT <D), A549 XTT (©). LOX MTT (O). LOX XTT (A). * 3 



ing program, we initially developed a useful assay based on the 
reduction of MTT tetrazolium salt to a formazan product which 
could be easily and quickly measured in a mul dwell scanning 
spectrophotometer system (7, 3). Ln ihis paper, we describe the 
evaluation of a different tetrazolium reagent which is metabol- 
ically reduced by human celts to an aqueous-soluble formazan 
product. Several design criteria for the new tetrazolium reagent 
were considered: bioreducibtlity of the tetrazolium; usable spec- 
trum of formazan product; low cellular toJiicity of both the 
tetrsLr it: i:^d formazan; and the aqueous solubility of the 
tetra?.v T . ri and formazan. Certain critical assay modifications 
were required before the new XTT reagent would approach 
these requirements. Trie XTT reagent alone proved unsuitable 
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550 
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Wavelength (nm) 



Nonreduced XTT irtrwolmm Backeround (absence ofcrfk), .etr^olium 0 025 Z (aSS^H) PMS^? 0 ^ ^ °'° 2S mM ( ° 38 PMS W 



for direct incorporation into the MTA; during a 4-h incubation, 
none of the human cell lines tested was able to sufficiently 
metabolize XTT to yield a formazan absorbance significantly 
greater than background. However, supplementation of the 
XTT incubation mixtures with the electron-coupling agent 
PMS resulted in adequate absorbance levels. Depending upon 
the metabolic capacity of a given cell line, the optimal condi- 
tions for a 4-h XTT incubation assay are 50 jig of XTT and 
0,15 to 0.4 n% of PMS per well. 

Fig 2 illustrates that cellular reduction of XTT resulted in a 
-ormazan product which was not itself toxic to the cells under 
U y onditions use d- Cells retained the capacity to metab- 

olize Xi i for at least 96 h without evidence of toxicity. How- 
*T*v ^ nCe metaboIism tiraes of 6 hr or less are required for our 
ili^-Hux sasay applications, and since the addition of XTT 
^£^inarer. the assay, the viability of ceils after 24 h or more 
■-^i ^etabohsni times is not immediately relevant to the 
present usage, t he longer incubation rimes resulted in both 
^evated absorbance measurements and increased background 
sS?M anCeS - XTT mstaboIis m times of 2 to 6 h proved a 

-awe compromise between background and cell-generated 
aosorbance. 

th IrJr^t * XTT reagene used yAth plv *S allowed apolication of 
«ri,. t0 additional cell line- with various growth character- 
MTl P T ,OUSly difflCuit to ^asnodate with the MTT-bassd 
useful-,^ 1 " rt Inp,e5 th£ ?rrT res ^ ent ^ t] -y chanced the 
inniwaon of human fibroblast cell lines (Table 2)7 Fibroblast 
t^r« j- S ^ esnsralIy inefficisnt at metabolism of the MTT 
withYT^ 111 howver, usable absorbances were obtained 

t .: f " PJUS PMS - Also > the use of XTT eliminates a cen- 

Sanon ste *> from the MTA methodology for nonadherent 



cell cultures. The XTT-MTA has proved usable for several 
suspension cell lines, including P38S and human leukemia cell 
lines. The XTT reagent may have an advantage for other 
applications of the MTA for cell growth measurements (e z 
for potential antiviral compounds) where the aspiration step 
required by the MTT-MTA would be undesirable for either 
technical or safety reasons. It is beyond the scope of this paper 
to consider other potential uses of the XTT methodology- e g 
to mukicel! aggregates and spheroids, however, these potential 
applications would appear both feasible and straightforward 
^ The initial experiments designed to assess the utility of the 
XTT-MTA in drug sensitivity assays indicate that, with certain 
compromises, XTT can be substituted for MTT to give com- 
parable sensitivity and accuracy. Drug profiles obtained utiliz 
mg XTT are similar to the MTT profiles for a variety of human 
tumor cell lines and several experimental compounds More 
extensive XTT-MTA experiments utilizing a panel of 4? human 
tumor cell lines treated with a wide variety of experimental 
drugs are under way to further explore the applicability of the 
XTT reagent to large-scale drug screening/ Results of these 
experiments will be detailed separately. 

Even though the XTT-MTA offers several advantages ovr 
other m vitro assay systems, several inherent shortcomings must 
be considered. XTT, along with other tetrazolium aporoaches 
depends on cellular reductive capacity, including the activity of 
mitochondrial dehydrogenases. The assays defend or. a corre- 
lation between tetrszoiium enzymatic reduction (reflected by 
ahsr-rhznivt measurements) and seme associated culture char- 
ac-» ; -:ic such as cell number (6, 8, 9) or cell protein (S, 22) 
This assumption req uires chat cellular reductive capacity is 
* A. Monies et aA, unpublished rssults. 
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0.001 0.003 0.010 0.033 0.103 0.32S 1.030 
Adriamycin Concentration OiM) 

Fig. 5. Dose-rcsponse curves for Adriamycin-treaced H324 cells (1000-cclIs/ 
well inoculation, 7-day culture duration, 6-day Adriamycin treatment, 4-h incu- 
bation with FvJ I 1 plus various PMS concentrations). Points, mean values from a 
single experiment calculated from triplicate wells subtracting background. Zero 
mM (Q), 0.001 mM (BE), 0.001 mM (O), 0.01 rnM (A), 0.025 mM (©), and 0.10 
mM PMS (V). The PMS concentrations are the concentrations or PMS in the 
XTT-PMS solution added to microculture wells. 




a. ooi 0.003 



0.0 id 



0.033 



0.103 



0.326 



1.030 



Adriamycin Cuneomraiton (ulVS) 
Fig. 6. Dose-response cun-s for Adriamycin- treated H324 cells (same exper- 
imental conditions as in Fig. 5). MTT, 0 mM PMS (G); XTT, 0 mM (E), 0.0001 
mM (O). U.001 mM (A). 0.0 1 him (€^). 0.025 mM <^). 0.10 mM PMS (O) 







Oj it- iti 5 JOr J\2 A 1 


and XTT 


Compound 


Cell line 


MTT 


XTT 


Af>JU* 


A549 


1-7- X JO 


2.28 x 10 B 




rl i - J 


2.94 x JO* 


6.39 x 10* 




H32"* 


5. 1 0 x 1 0* 


4.84 X 10" 




T ov 


1.03 X 10 


6.70 x 10 g 




w~r to 
n l - J.y 


2.39 X 10 


4.3S x 10* 






t r i -¥ ^ , ft 

1.57 x 10" 


1.77 x 10* 


A549 


2.15 x JO 5 


2.16 X 10* 




H 1 25 


1.35 x 10 s 


1.93 X 10 5 




WILL 


1.54 x 10 s 


1.52 x JO 5 




i nv 

LUa 


5.S8 x 10 7 


5.22 x io T 




HT-29 


1 .77 x 10 3 


1 .92 X 1 0 3 




MCF-7 


1.81 x 10 s 


1-94 x 10 3 


BL^O 


A 549 


5.98 x 10* 


8.74 x io* 




HI 25 


2.61 x 10' 


1 .30 x 10* 




K322 


1.01 x 10* 


1.80 x 10" 




LOX 


6.35 x 10 s 


1.76 x io' 




HT-29 


5.79 x 10* 


1 -88 x 1 Q 7 




MCF-7 


5.56 x 10- 


9.31 X 10 7 


M1T-C* 


A549 


1.98 x 10" 


7.35 x 2 0* 




H125 


7.35 x 10* 


1.12 x 10' 




H322 


2.43 X 10* 


1.53 x io f 




LOX 


3.75 x 30* 


1.53 x 10* 




HT-29 


4.17 X 10* 


8.19 X 10' 


BCNU 


MCF-7 


2.70 X 10* 


2.97 x io B 


A549 


4.30 x 10 3 


4.46 x 30 5 




H125 


2.36 x 10 5 


4.20 X 1 0 




H322 


3.12 x 10* 


2.45 x lo 5 - 




LOX 


1.30 x 10 3 


4.76 x 1 0* 




HT-29 


4.27 x io 3 


7.94 x io 5 


ACT-D 


MCF-7 


3.74 x lOr 


4.49 x JO 5 


A549 


2.73 x 10" 


2,78 x 10* 




H125 


2.63 x 10* 


3.03 xio' 




H322 


2.42 x 10* 


1.60 x io* 




LOX 


2.29 x 10* 


1.75 xio' 




HT-29 


1.39 x 10* 


7.97 x 10* 


5-FU 


MCF-7 


1.43 x 10* 


1.36 x IO" 


A549 


1.45 x 10* 


2.02 x 10* 




H125 


5.36 x 10 7 


2.73 XIO 7 




H322 


6.24 x 10 7 


1.67 x 10 s 




LOX 


2.29 x 10* 


1.75 x 10* 




HT-29 


1 .24 x 1 0* 


3.36 xio 7 




MCF-7 


7.69 x ID 7 


7.15 x io 7 
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— « — »v^.i jcvtii LVHLcuuduon-aosc responses. Cell inocu- 

lation densities: 1000 cells/well for all cell lines except H322 (200D cells/well) 
MTA: 7-day culture duration, 6-day drug treatment, 4-h incubation M'ith MTT 
or XTT plus 0.01 mM (0.15 Mg/well) PMS. 

ADRI, Adriamycin; BLEO, bleomycin; MrT-C, mitomycin C; BCNU 1 3- 
bis(2-chloroethyI)-l -nitrosourea; ACT-D. actinomycin D; 5-FU. 5-fluorouraciI. 

constitutive and remains relatively constant throughout the 
time duration of an experiment. However, any regulation of the 
cellular metabolic machinery resulting in different enzyme ac- 
tivity at any time will render this assumption invalid. Thus 
changes of reductive capacity resulting from enzymatic regula- 
tion, pH ; cellular ion concentration {e.g., sodium, calcium, 
potassium), cell cycle variation, or other environmental factors 
may affect the final absorbance reading. For example, Mosman 
(6) has reported that mitogen-stimulated mouse spleen cells 
produce more MTT-formazan than do resting cells. Perturba- 
tions of these factors by experimental test compounds may 
further exacerbate this variability. In addition, the XTT-MTA 
has several unique shortcomings which must be considered 
before adaption of this assay for generalized drug testing. The 
present requirements for the addition of an electron-coupling 
agent increase the compIe:;:ry of the cellular reduction environ^ 
mem (1, 13) potentially resulting in greater variability and a 
lack of reproducibility. PMS sometimes can cause nonspecific 
deposition of formazan (13), and Pearse (i) recommends that 
intermediate electron acceptors be avoided except to demon - 
str^t activities which cannot otherwise be revealed. The occa- 
y zepitarance of crystal formation, as yet not completely 
u:_ :. i:tood, is a potential interference requiring microscopic 
surveiHarice of each individual microwell. Whereas this problem 
may be less significant for other applications {e.g. % antiviral), it 
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may nevertheless preclude adaption of the XTT methodology 
to more complex drug-screening paradigms (e.g., involving 
large ceil line panels). Substitution of a different electron trans- 
port agent for PMS in the XTT-MTA may eliminate the crystal 
problem; however, additional work is required to better char- 
acterize the rnenadione-XTT system. In addition, the relatively 
elevated background levels characteristic of XTT plus PMS 
result in the inability to utilize this method for some cell lines 
that exhibit poor metabolic capacity and also decrease the 
reliability and reproducibility of drug sensitivity measurements 
at drug concentrations resulting in growth inhibition greater 
than 80% of control values. At these levels of growth inhibition, 
the relatively large background absorbances generated by XTT 
plus PMS (or manadione) in growth medium (Tables 1 and 3) 
can result in signal/noise ratios of less than one. 

While safety and efficiency considerations argue for the pos- 
sible advantage of the XTT over the MTT-based assay for 
applications to high-flux drug sensitivity screens, nevertheless, 
there remain serious problems with the XTT-based MTAj as . 
well as tetrazolium assays in general. Such questions should 
continue to be of major concern and consideration for adaption 
of any particular assay protocol for general usage in anticancer, 
antiviral, or other drug-screening programs. However, the pre- 
sent investigation demonstrates the feasibility of a microculture 
methodology utilizing a water soluble tetrazolium/formazan 
reagent, suggesting the inherent advantages in the development 
of additional reagents which might not require the use of 
electron-coupling agents. In addition, our present cell line 
panels of human tumor cell lines (8) would provide a useful 
resource for studying the biological activity and suitability of 
such new materials. 
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Preferential processing of the SI subunit of pertussis 
toxin that is bound to eukaryotic cells 
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Summary 

Labelled [ 125 l]-pertussis toxin was prepared and used 
to measure the association of pertussis toxin (PT) to 
eukaryotic cells. PT was radioiodinated by the lacto- 
peroxidase method which preferentially radioiodinated 
the S1 subunit. PT was radioiodinated at a high specific 
activity and possessed the same cytotoxicity as native 
PT as demonstrated by the ability to cluster Chinese 
hamster ovary (CHO) cells. Cell association of [ 125 l]- 
PT was not inhibited by excess non-radiolabelled PT, 
which indicated that the initial interaction between 
PT and CHO cells involved a large number of low- 
affinity receptors. At 37°C, the S1 within cell-associated 
PT was preferentially processed to an S1 with a lower 
apparent molecular weight (termed S1p). This pro- 
cessing was inhibited by the addition of unlabelled 
PT, indicating that the processing event was satur- 
able and specific. S1 processing occurred in CHO, 
Madin-Darby canine kidney (MDCK) cells, and pig 
kidney (LLC-PK1) cells. A pulse-chase experiment 
showed that, at 37°C but not at 22°C, essentially 
all of the cell-associated S1 was processed within 
3 h of a chase. Reagents that were previously shown 
to inhibit the ability of PT to ADP-ribosylate Gj pro- 
teins in intact CHO cells also inhibited the preferential 
processing of S1 within cell-associated PT, in the 
order of efficiency: 22°C > chloroquine > nocodazole > 
brefeldin A. This indicates that S1 processing requires 
an early endosomal function. 

pduction 

rjdssistoxin (PT) Is one of the major virulence factors of 
pertussis (Wfeiss and Hewlett, 1986), the aetio- 
/nt^pf whooping, cough. PT is a member of the 
P-ribosyfating toxins (bARES) which 
r^^unctioTToiaanization (Gill, 1978; 
^82^^^ 'A' subb^it, S1, expresses 

Received 4 ApriT, <^6T^e^s5i8 July, 1996; accepted 26 July, 
^1996. *For correspdRh^nce. Entail toxin@pt5st.its.mcw.edu; Tel. 
^4)4568412; Fax (4 14f 2668522. ^ 
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ADP-ribosyltransferase activity, while the 'B* subunit, B- 
oligomer (composed of five non-covaientiy-bound subunits 
organized in a molar ratio of 1:1:2:1 for S2:S3:S4:S5) 
binds to susceptible cells and delivers S1 to intracellular 
target proteins (Tamura et a/., 1983). The subset of hetero- 
trimeric GTP-binding proteins that are ADP-ribosylated by 
PT include Gj, G Q , and G t (Ui, 1990). 

B. pertussis secretes PT as a proenzyme which is cyto- 
toxic when assayed in animals or cultured cells, but requires 
activation for expression of ADP-ribosyltransferase activity 
irTvitro (Tamura et a/., 1982). In vitro activation of ADP- 
ribosyltransferase activity requires both the reduction of 
the disulphide bond (C41 and C201) within S1 and ATP 
(for reviews, see Kaslow and Burns, 1992; Krueger and 
Barbieri, 1993). ATP stimulates a conformational change 
within S1 of the holotoxin which reduces the affinity of S1 
for B-oligomer without concomitant dissociation of S1. 
The conformation of S1 within ATP-activated holotoxin 
appears to be identical to free S1 (Krueger and Barbieri, 
1993). 

In addition to the plasma membrane, functional hetero- 
trimeric Gj proteins exist in several intracellular compart- 
ments of the eukaryotic cell. Stow era/. (1991) identified 
PT-sensitive G i2 within the plasma membrane and G i3 
within the Golgi of LLC-PK1 cells. Although the mechan- 
ism utilized by PT to ADP-ribosylate intracellular Gj pro- 
teins remains unclear, recent studies (Xu and Barbieri, 
1995; 1996) showed that in intact CHO cells, both G i2 
and G i3 were ADP-ribosylated by PT, and agents that 
blocked intracellular trafficking also inhibited ADP-ribosy- 
lation. These data implicated an endosomal pathway that 
included a Golgi function for the ADP-ribosylation of Gj 
proteins by PT (Xu and Barbieri, 1995; 1996). The inability 
to produce radiolabeled PT which retained cytotoxicity has 
impaired the ability to directly characterize the delivery of 
PT to its intracellular targets. In this study, we describe 
the preparation of radioiodinated PT at high specific activ- 
ity and report the preferential processing of the S1 subunit 
of cell-associated PT. - 



Results 

Radioiodination of PT 

PT was radioiodinated by lactoperoxidase to a specific 
activity of 1.2-1. 5 moi of 125 l per mole of PT (approx. 5- 
8 x 10 7 counts per minute (c.p.m.) ug"~ 1 of PT). 125 l was 
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preferentially incorporated into the S1 subunit, with ^0.7- 
0.8 mol of 125 l per mole of S1. The amount of radioiodine 
incorporated into each subunit expressed as a percentage 
of the total (determined from seven independent labelling 
experiments) was: S1, 54; S2, 10; S3, 10; S4, 13; S5, 
13. [ 125 I]-PT possessed a potency for the clustering of 
CHO cells identical to that of native PT (data not shown), 
which indicated that radioiodination did not interfere with 
biological activity. [ 125 I]-PT was stable for >10d during 
storage at 4°C as determined by SDS-PAGE. 



Binding of [ 125 I]-PT to CHO cells 

Upon incubation at three temperatures, the amount of 
[ 125 I]-PT bound to CHO cells increased with time 
(Fig: 1). The absolute amount of [ 125 I]-PT bound was 
greater at 4°C and 37 °C than at 22°C. Addition of non- 
radiolabelled PT at a 1000-fold excess with respect to 
[ 125 I]-PT did not reduce the amount of cell-associated 
[ 125 I]-PT (Table 1). At 4°C, the amount of PT bound to 
CHO cells showed a dose response with respect to the 
amount of added [ 125 I]-PT, with the amount of bound PT 
representing approx. 0.03% of [ 125 I]-PT added (Fig. 1, 
insert). Together, these data suggest that the cellular 



Table 1. Association of [ 125 I]-PT to CHO cells/ 




time (hr) 

125 I]-PT to CHO cells at 4°C, 22°C, and 37°C. 
in 24-weII plates, were incubated with 
various^timfe^periods at 4°C, room 

Cells were^rinsed four times with 
Lot 0.1 I^NaQH. Cell-associated 
^fmoles of : f fc2 ^n-PT bound per 
btein. A>e^esentative experiment 

insert shows me binding ot 
T7nctk>n;<oU 125 l]-PT. [ 12 !#PT (between 



Fig. % 

CHO, 

[ 125 i: 

temperature/ 
cold D-PB: 
[ 125 I]-PT was e: 
* -microgram of total 
performed in duplii — „ . 

T^PT to CHO cells a< . , 

O.oi^and 0.08pmoles) waV^djied to^HO cells at/i°C and, at Oh 
or 6 rvtt*e amount of cell-associated PTSv<§s determined. 
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Unlabelled PT (0.5 tiM) 


72.7 ±9 


22.0 ±2.7 


43.1 ±3.9 



a. Confluent lawns of CHO cells were assayed for the cell association 
of [ 125 I]-PT as described in the Experimental procedures, using 
0.1 pmoles of [ 125 I]-PT. Experiments were performed twice, in dupli- 
cate, and are expressed as x10" 3 fmoles of bound [ 125 I]-PT per jag 
of total cetl protein. 

b. Experiment performed at 4°C for 18h. 

c. Experiment performed at 22°C for 2 h. 

d. Experiment performed at 37 °C for 2h. 



receptor for PT is present at high numbers, but possesses 
low affinity for the toxin. 

Physical state of cell-associated [ 125 I]-PT 

The physical state of CHO cell-associated [ 125 I]-PT was 
determined following incubations at 4°C, 22°C, or 37 °C 
(Fig. 2). After 2 h at 37°C, SDS-PAGE analysis of CHO 
cell-associated [ 125 I]-PT showed the preferential process- 
ing of the S1 su6unit of the holotoxin. Processed S1, 
termed S1p, migrated with the same relative mobility as 
the S2 subunit. Based upon the previously determined 
trypsin and chymotrypsin sites of S1 within holotoxin 
(Krueger et a/., 1991), and the migration of deletion pep- 
tides of S1 (Krueger and Barbieri, 1994), S1p migrated 
at an apparent molecular weight consistent with its cleav- 
age between residues 205 and 214. In contrast, no prefer- 
ential processing of cell-associated [ 125 I]-PT was detected 
upon incubation at 4°C or 22°C (Fig. 2). As observed with 
CHO cells, S1 was also preferentially processed within 
cell-associated PT in LLC-PK1 and MDCK cells (Fig. 3); 
With respect to CHO cells, the amount of cell-associated 
PT was three- to 1 .8-fold greater per microgram of LLC- 
PKi and MDCK cell protein, respectively. With all three 
cell lines, S1 processing to cell-associated [ 125 I]-PT was 
detected within approx. 30min after the addition of [ 125 l] : 
PT and accumulated over the time-course (Fig. 3). The' 
[ 125 I]-PT in the culture medium showed no detectable Si- 
processing (Fig. 3). These data indicate that the process- : 
ing of S1 occurs after cell association and, as processing 
is not detected within cell-associated holotoxin during, 
incubation at 4°C, processing does not occur on the ceH 
surface/ Cefl-associated B oligomer (measured as cell- 
associated S3) did not show detectable processing over 
the time-courses (Fig. 3). 

Kinetics of S1 processing within cell-associated 7 
[ 125 i]-PT 

A pulse-chase experiment (Fig. 4) was performed ■ to. 
evaluate the kinetics of S1 processing within cell-associated 
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Fig. 2. Processing of [ 125 I]-PT by CHO cells. CHO cefl monolayers, 
in 12-well plates were incubated with [ 125 I]-PT (0.2pmoles) at 4°C 
for 18h or at 22°C and 37°C for 2h (incubation temperatures are 
indicated above the respective lane), washed, tysed, and analysed 
by SDS-PAGE under reducing conditions. The gel was dried and 
subjected to autoradiography. Migration of the subunits of PT are 
indicated to the left of the panel; the arrow indicates S1p. 



holotoxin. CHO cells were incubated with [ 125 I]-PT for 
30min at 22°C and washed to remove unbound PT 
(pulse). Cells were then incubated (chase) at either 22°C 
or 37°C and assayed by SDS-PAGE to characterize the 
cell-associated holotoxin. During the 37°C chase, there 
was a steady decrease in the amount of cell-associated 
S1, with essentially all of the cell-associated S1 being 
chased to S1p. Within the first hour of the chase approx. 
50% of the S1 was processed to S1p. The amount of 
ceN-associated B-oIigomer (represented by the S3 subunit) 
decreased, but without detectable degradation (Fig. 4). 
Analysis of the culture media during the chase period 
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showed the accumulation of both TCA-soluble and TCA- 
insoluble material (data not shown). The TCA-soluble 
material may represent PT that has been internalized 
and subsequently degraded and exported. The TCA- 
insoluble material is unprocessed PT, determined by gel 
electrophoresis, which probably represents PT that was 
released from the cell surface prior to internalization. 
During the 22°C chase there was also a decrease in the 
amount of cell-associated S1, but little S1 was processed 
to S1p. Within the first hour of the chase <5% of the S1 
was processed to S1p (Fig. 4). The observation that, at 
37°C, essentially all of the S1 was processed indicated 
that processing represented the fate of the majority of 
cell-associated PT. The lack of S1 processing at 22°C 
was consistent with the processing event representing 
the physiological pathway for PT, as previous studies 
had shown that at 22°C PT did not ADP-ribosylate Gj 
proteinsln intact CHO cells (Xu and Barbieri, 1995). 

Pronase sensitivity of cell-associated f 1 25 l]-PT 

The conversion of a toxin from a protease-sensitive form to 
a protease-resistant form has been used to implicate toxin 
internalization within a cell (Doriand et a/., 1979). Initial 
experiments defined conditions that degraded cell-surface- 
bound [ 125 I]-PT. Ceil-surface-bound [ 125 I]-PT was pre- 
pared by exposing CHO cells to [ 125 I]-PT at 4°C, followed 
by washing cells to remove unbound PT. Cell-surface- 
bound PT was exposed to pronase followed by analysis 
with SDS-PAGE. These experiments showed that low 
concentrations of pronase preferentially cleaved S1 of 
cell-surface-bound PT. Relative to its electrophoretic migra- 
tion, this preferential cleavage of S1 was estimated to occur 
between residues 205-214 (Fig. 5). Greater amounts of 
pronase completely cleaved S1 through this nicked form 
and into lower-molecular-weight fragments (Fig. 5). Pro- 
nase concentrations above 4mgml~ 1 damaged the inte- 
grity of the CHO cells and were not used in this analysis. 
In contrast to the pronase sensitivity of PT bound to cells 
at 4°C, after an incubation at 37°C, a detectable amount 
of S1 was resistant to pronase. The percentage of pro- 
nase-resistant S1 within cell-associated PT increased 
with increasing incubation time at 37 °C (Table 2). These 
data were consistent with the internalization of S1 during 
incubations at 37 °C. 

inhibitors of intracellular trafficking influence the 
formation of S1p within cell-associated PT 

Studies were performed to localize the processing of S1, 
by determining whether reagents that had been shown to 
inhibit PT from ADP-ribosylating Gj proteins in intact cells 
(Xu and Barbieri, 1 995; 1 996) also influenced the process- 
ing of S1 within cell-associated PT. The concentrations of 
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Fig. 4. A. Pulse chase of cell-associated [ 125 I]-PT. CHO cell 
monolayers, in 12-welI plates, were incubated with [ 125 I]-PT 
(0.1 pmoles) at 22°C for 30 rrtin, after which cells were washed to 
remove unbound toxin (Pulse). Cells were then incubated for an 
additional 1, 2, or 3 h (Chase) at either 22°C (upper panel) or 37°C 
(lower panel), after which cells were washed, and then 
resuspended in SDS-PAGE sample buffer. Cell-associated material 
was subjected to SDS-PAGE followed by autoradiography. 
Migration of molecular weight markers (kDa) are indicated to the left 
of the panel, the arrow on the right indicates S1p. 
B. Quantification of S1 processing. The autoradiograph was 
quantified by densitometry to determine the total cell-associated 
material, the total number of units of cell-associated S1 (S1 +S1p), 
and S1p. S1p was calculated by subtracting the unit value of S3 
from the- unit value of S2, because Sip migrated with the same 
relative mobility as S2. This calculation was made after determining 
"hat on a molar basis, S2 and S3 are radiolabeled to the same 
lent (see the Results). 
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calpain (C roall and DeMartino, 1991) did not affect the pro- 
cessing of S1p, which was consistent with an endosoma! 
function for S1 processing (data not shown). Also, addition 
of unlabelled PT did not inhibit the amount of PT that was 
cell associated, but did inhibit the processing event, indi- 
cating that S1 processing was saturable and specific. 
Figure 6 is a schematic diagram of the ADP-ribosyiation 
of Gj proteins by PT, which includes a temporal assign- 
ment for the processing of S1 within holotoxin. 

Discussion 

Early models predicted that PT entered eukaryotic cells 
via the binding of the S2-S4 and S3-S4 dimers of the B 
oligomer to carbohydrate moieties of celt-surface proteins 
(Kaslow and Burns, 1992). In these models, subsequent 
to binding to the cell surface, the S1 subunit was trans- 
located across the plasma membrane, released from the 
B-oligomer, reduced by cellular glutathione, and then 
ADP-ribosylated PT-sensitive G proteins. This model was 
supported by in vitro experiments which showed that in 
the presence of detergents, such as 3-((3-choiamido-" 
propyl)dimethylarrimonio)-1 -propane-sulphonate (CHAPS), 
ATP stimulated the release of S1 from the holotoxin 
(Burns and Manclark, 1986; Kaslow era/., 1987), and S1 
had greater affinity for lipid bilayers than B oligomer 
(Hausman and Burns, 1992). Other studies were also 
consistent with the delivery of PT to the cytosol by direct 
translocation across the plasma membrane (Montecucco 
ef a/., 1986). Although the physical association of S1 with 
the holotoxin in vivo has not been resolved, recent studies 
suggest that PT requires a functional endocytic mechan- 
ism to ADP-ribosylate PT-sensitive G s proteins in intact 
CHO cells (Xu and Barbieri, 1995, 1996). Consistent with 
the involvement of endocytic movement of PT within the 
cell, PT-sensitive Gj proteins of the G i3 subtype that are 
associated with the Golgi of LLC-PK1 cells were identified 
(Stow etaL, 1991). 
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Fig. 5. Pronase digestion of surface-exposed (at 4°C, 
cell-associated) [ 125 I]-PT. CHO cell monolayers, in 12-weII plates, 
were incubated with [ 125 I]-PT (0.1 pmoles) at 4°C. After 18h, the 
monolayer was washed and incubated alone or with 0.2, 2.0, or 
4.0mgml~ 1 of pronase for 1 h at 4°C. Newborn-calf serum (NCS, 
50%, final concentration) and 20 mM EDTA were added and the 
cells were scraped, washed with D-PBS, and subjected to 
SDS-PAGE, followed by autoradiography. Molecular weight 
markers are indicated to the left of the panel (in kDa). Pronase 
concentrations are indicated above each lane. 
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Table 2. Sensitivity of S1 within cell-associated [ 125 I]-PT to 
extracellular pronase. a 



Cell-associated S1 
(Arbitrary Units) 



Incubation temperature 


total 


pronase resistant 


4°C (overnight) 


100 


0 


37 °C (30min) 






Experiment 1 


100 


23 


Experiment 2 


100 


18 


37 °C (120 min) 






Experiment 1 


100 


54 


Experiment 2 


100 


48 



a. CHO cell monolayers, in 12-well plates, were incubated with [ 125 l]- 
PT (0.1 pmotes) either at 4°C overnight or at 37 °C for 30 or 120 min. 
Cells were washed and 0.5 ml of 4 mg ml" 1 of pronase in D-PBS was 
added for 1 h at 4°C, after which 0.5 ml of NCS with EDTA (20 mM, 
final concentration) was added to inhibit pronase. Cells were pelleted 
and washed in ice-cold D-PBS containing 20 mM EDTA, and sus- 
pended in sample buffer. Samples were subjected to SDS-PAGE fol- 
lowed by autoradiography. Autoradiographs were quantified with an 
optical imaging system- (AMBIS). 

To extend our understanding of the movement of PT 
within cells, we have produced radioiodinated PT which 
retains biological activity. Armstrong and Peppier (1987) 
reported a protocol to radioiodinate PT at high specific 
activity by the chloramine-T method, but with low recovery 



of radiolabelled PT. In the present study, lactoperoxidase 
was used to radiolabel PT at a high specific activity, and 
the radiolabelled PT could be purified by gel-filtration 
chromatography with good recovery. [ 125 I]-PT prepared 
by lactoperoxidase retained biological activity as assayed 
by the ability to cluster CHO cells. Analysis by SDS- 
PAGE showed that lactoperoxidase preferentially radio- 
labelled the S1 subunit of the holotoxin. This preferential 
radiolabelling of S1, along with radiolabeliing in the pre- 
sence of NAD and NeuNAcl(2-6)GalJ1-4Glc (6'SL), may 
be responsible for retention of the cytotoxic activity of 
[ 125 J]-PT. 

The observation that the amount of [ 125 I]-PT bound to 
CHO cells was proportional to the amount of toxin 
added, together with the observation that the addition of 
unlabelled PT did not compete with [ 125 I]-PT for cell 
binding, indicated that the cell receptor for PT was present 
in high^copy number and that this receptor possessed a 
low affinity for PT. Although the identity of the PT cell 
receptor in CHO cells has not been resolved, to date, 
both glycolipids (Hausman and Burns, 1993) and a glyco- 
protein (Brennan et a/. f 1988) have been implicated as 
candidate ceil receptors. Difficulties in detecting competi- 
tive binding of other toxins to their cell receptor have 
been described, including that of exotoxin A (Manhart et 
a/., 1984), which was subsequently shown to bind to 
low-density lipoprotein-receptor-related protein (LRP)/a2 



Table 3. Effect of inhibitors of cell trafficking on 

the processing of PT by CHO cells. a Experiment 1 Per cent S1 Experiment 2 Per cent S1 

Inhibitor (arbitrary units) processed^ (arbitrary units) processed 



None 


S1 b 


36 


ND 


52 


ND 




S1p c 


22 


38 


50 


49 


Unlabelled PT 


S1 


ND 


ND 


96 


ND 




S1p 


ND 


ND 


4 


4 


22°C 


S1 


ND 


ND 


78 


ND 




S1p 


ND 


ND 


5 


6 


Chloroquine 


S1 


52 


ND 


85 


ND 




S1p 


8 


13 


22 


21 


Nocodazole 


S1 


43 


ND 


ND 


ND 




S1p 


11 


20 


ND 


ND 


Brefeidin A 


S1 


38 


ND 


68 


ND 




S1p 


16 


30 


51 


43 
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a. CHO cell monolayers, in 12-well plates, were incubated with brefeidin A (2ng ml -1 ), chloro- 
quine (100nM), nocodazole (50 pg mr 1 ), or unlabelled PT (33 pmoles) for 30 min at 37 °C prior 
to addition of [ 125 !]-PT (0.1 pmoles) in 0.75 ml of temperature-equilibrated (at 37° or 22°C) com- 
plete media. After 2 h, cells were washed in ice-cold D-PBS, lysed in SDS sample buffer, boiled 
for 10 min, and analysed by SDS-PAGE under reducing conditions, followed by autoradio- 
graphy. Autoradiographs were quantified by optical densitometry. 
hS^er cent S1 processed = S1 p/(S1 + S1 p) x 1 00. 

c. S]B was calculated by subtracting the unit value of S3 from the unit value of S2, because S1 p 
migrated at the same position as S2. This calculation was made after determining that, on a 
mc-Sar basis, S2 and S3 are radiolabelled to the same extent (see the Results). 
NO, not determined. 
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Fig. 6. Model for the entry of PT into CHO cells. This schematic 
diagram illustrates the mechanism of entry of PT into CHO cells, 
which results in the in vivo ADP-ribosylation of Gj proteins by PT 
and the in vivo processing of the S1 subunit of PT. The table (lower 
left) defines the ability of several reagents to inhibit either in vivo 
ADP-ribosytation or S1 processing. This varies from no inhibition 
(-), to essentially complete inhibition (+ + +). 



macroglobulin (Kounnas et a/., 1992). Although unlabelled 
PT did not reduce the amount of [ 125 I]-PT bound to cells, 
unlabelled PT did inhibit the processing of S1 within cell- 
associated PT. This is consistent with S1 processing being 
a saturable and specific event of the intoxication pathway 
of PT which occurs subsequent to cell association. 

Several lines of evidence are consistent with the sug- 
gestion that S1 processing follows the physiological 
pathway that PT utilizes for the ADP-ribosylation of Gj 
proteins in intact cells: (i) time-course experiments allowed 
the detection of S1 processing within cell-associated PT 
as^early as 30min after the addition of [ 125 I]-PT to cells 
(Fig.. 3). This precedes the earliest detection of PT cata- 
lysed ADP-ribosylation of Gi proteins in intact CHO cells 
Xu and Barbieri, 1995); (ii) both a reduced temperature, 
s^hloroqui net which inhibited the preferential process- 
within cell-associated PT, also inhibited the 
^"to : ADP : fibosylate G f proteins in intact CHO 
jrbieri, 1 9§5j 1 996); and (iii) the preferen- 
51 was 'Observed in the three cell lines 
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low temperature and chloroquine than by reagents that 
inhibited later trafficking functions, such as nocodazole 
and brefeidin A. The observation that brefeidin A inhibited 
the ADP-ribosylation of G ; proteins by PT (Xu and Barbieri, 
1995) .but not S1 processing suggests that the brefeidin 
A-sensitive step occurs subsequent to S1 processing. 
Together, these data indicate that S1 processing is neces- 
sary but not sufficient for the in vivo ADP-ribosylation of Gi 
proteins by PT. Also, earlier studies showed that protease 
(trypsin and chymotrypsin) treatment of PT did not affect 
the intoxication kinetics of cells (Krueger et a/., 1991). 
This suggests that proteolysis is not a rate-limiting step in 
the intoxication process. 

The observed preferential processing of S1 within cell- 
associated PT at 37 °C appears to represent cleavage 
within its protease-sensitive loop, which comprises resi- 
dues between 210 and 220. This protease-sensitive loop 
within* S1 has been described in both biochemical 
(Peppier et a/., 1985; Krueger et a/., 1991) and structural 
(Stein et al, 1994a) studies. An inhibitor of the cytoplas- 
mic .protease calpain did not protect the loop from cleav- 
age. Also, the data in this study did not implicate furin as 
the processing pfotease, as S1 lacks the furin-recognition 
site (R-X-X-R) and S1 was not processed at the cell sur- 
face, as has been observed for the protective antigen of 
anthrax toxin (Klimpel et a/., 1992; Steiner et a/., 1992). 
The lack of observed processing of S1 at room tempera- 
ture could be explained by either a slower rate of endo- 
cytosis or a reduced rate of endosomal fusion (Morris, 
1990 and Olsnes et a/., 1993). 

The amount of processing of S1 within cell-associated 
PT was greater than reported for cholera toxin (CT) and 
. exotoxin A (ETA), where only a small percentage of 
cell-associated CT and ETA was processed (Fishman, 
1990; Orlandi et a/., 1993; Ogata et al, 1990). Proteolysis 
appears to be a common event in the intoxication process 
of bacterial and plant toxins, although its requirement for 
the expression of cytotoxicity appears to vary (reviewed 
in Gordon and Leppla, 1994). Leppla and co-workers 
reported that the proteolytic cleavage of protective anti- 
gen to a 63kDa fragment was required to allow binding 
of either oedema factor or lethal factor (Singh et al, 
1989; Leppla, 1991), while proteolysis was required for 
the expression of cytotoxicity by ETA (Ogata era/., 1990; 
1992). In contrast, cleavage of the A subunit of native 
Shiga-like Toxin (SLT-llv) and a Shiga-His(R247H/R250H) 
mutant did not correlate with the cytotoxicity of the respec- 
tive strains, which suggested that cleavage at these Arg resi- 
dues was not required for toxicity (Samuel and Gordon, 
1994). Alternate cleavage of the Shiga-His(R248H/R251H) 
mutant occurred at a later transport stage than native toxin 
(Garred et al, 1995). Cieplak and co-workers (Grant et al, 
1994) reported that Escherichia coli heat-iabile enterotoxin 
(LT) that was mutated at Arg-192 retained cytotoxicity, 
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which suggested that proteolytic cleavage at this residue 
was not an absolute requirement for cytotoxicity. 

Endocytosis is inhibited at 4°C (discussed in Morris, 
1990), such that PT remained accessible to extracellular 
pronase. Incubation of [ 125 I]-PT bound to CHO cells at 
4°C with varied concentrations of pronase showed that 
S1 was preferentially nicked within the holotoxin at low 
concentrations of pronase. The relative size of the nicked 
S1 was consistent with cleavage within the protease- 
sensitive loop of S1 f between amino acids 205 and 214 
(Krueger era/., 1991; Stein et a/., 1994b). Accessibility of 
this protease-sensitive site suggests that cell-bound PT 
is orientated such that the protease-sensitive loop of S1 
is exposed to the culture medium rather than buried 
within the cell membrane. 



Experimental procedures 

Materials 

6'SL was from Oxford Giyco Systems; chtoroqurne, nocoda- 
zole, brefeldin A, and calpain inhibitor were from Sigma; and 
lactoperoxidase and pronase were from Calbiochem. PT was 
a generous gift from Rino Rappuoli (IRIA, Sienna, Italy) and 
was also purchased from List Biological. 125 l (IMS-30) was 
from Amersham. 



Cell culture 

CHO-K1 cells were obtained from ATCC (CCL61) and culti- 
vated in Ham's F12 medium (Gibco, BRL) supplemented 
with 10% newborn-calf serum, 10% sodium bicarbonate, 
SOngm!" 1 of streptomycin, and SOU ml -1 of penicillin (com- 
plete media). LLC-PK1 (CRL-1392) and MDCK cells (CCL- 
34) were obtained from ATCC and cultivated in Dulbecco's 
Minimum Eagle Medium (Gibco, BRL) supplemented with 
10% fetal-calf serum, sodium bicarbonate, and streptomycin- 
penicillin. 



Radioiodination of PT 

PT was iodinated using lactoperoxidase as described by Roth 
(1975) with some modifications. Labelling mixtures contained 
(in 150^1): 0.1 M sodium acetate buffer, pH5.6, 1 mCi of 
ier-free sodfem 125 l, 13pmoies of PT, 200 nM NAD, 10mM 
L-^and 0.12 ji^. of lactoperoxidase. The reaction was 
ith the addition of hydrogen peroxide (0.0001%, 
teenfration). Afte> ,30 s, the reaction was stopped by 
»f "a tyrosine^-satu rated I "solution containing 
. The labeling mixture was subjected to 
ramatograrihv (a 3 ml column equili- 
(pH7.6j; 300 mM NaCt, and 0.3% 
to se^aT^eJ 125 l]-PT from free 
^Fractions s (^20^l) were col- 
g, and theTfr^t radioactive 
T, was pooled. Tfjj'e ratio of 125 l 
was N 3etermined/ using a radio- 
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[ 125 I]-PT were cut from the ge! and counted in a K-counter 
to determine specific activities. 



CHO cell cytotoxicity assay 

The assay was performed essentially as described by Hewlett 
etai (1983). The labelling mixture, which contained [ 125 I]-PT, 
was serially diluted (threefold) with 25 mM Tris (pH7.6) con- 
taining 0.1% BSA, and 10fil of each dilution was added to a 
well (24-well tissue-culture plate) containing 5 x10 4 of freshly 
dispensed CHO cells in 1 ml of complete media. After 24 h at 
37 °C, cells were examined microscopically to determine the 
extent of cell-clustering morphology. The amount of cell clus- 
tering was compared to uniabelled PT (positive control) and 
labelling mixture without PT (negative control). 



Association of [ 125 l]-PT to CHO cells 

Binding-assay. CHO cells were seeded in a 24-we!l tissue- 
culture plate. At confluency, lawns were overlayed with 
0.5 ml of fresh complete media. Fifteen minutes prior to addi- 
tion of [ 125 I]-PT (O.OSpmoles), the indicated inhibitor (as 
10x stocks in 250 mM HEPES, pH7.0) or uniabelled 0.5|iM 
PT was added; the sample was assayed in duplicate. Incu- 
bations were performed at the indicated temperatures and 
times. Monolayers were rinsed four times with 2 ml of cold 
Dulbecco's phosphate buffered saline (D-PBS, Gibco), dis- 
solved in 300 p.l of 0.1 N NaOH, and cell-associated [ 125 i]-PT 
was measured in a K-counter. An aliquot (50^1) of the dis- 
solved monolayer was also assayed for protein, using the 
BCA protein assay (Pierce) to normalize the amount of celt- 
associated [ 125 I]-PT to protein in the monolayer. The value 
of [ 125 I]-PT bound to the monolayer following a zero-time incu- 
bation was subtracted from the reported values (Table 1). 

Cell association of [ 12S t]-PT to ceils. CHO, LLC-PK1 or 
MDCK cells were seeded in 12-well plates. At confluency, 
0.75 ml of fresh temperature-equilibrated media was added, 
followed by the addition of [ 125 I]-PT (see figure legends). 
Incubations were performed at the indicated temperatures 
and times. An aliquot of spent medium was obtained and the 
monolayer was then washed four times, with 3 ml of cold 
D-PBS and scraped off the plate in SDS sample buffer without 
p-mercaptoethanol, and boiled. Aiiquots^ were counted and 
subjected either to a BCA protein assay or SDS-PAGE in the 
presence of p-mercaptoethanol. 

Effect of inhibitors of cell trafficking on the association of 
[ 125 !]-PT to CHO cells. CHO cells (12-well plates) were 
incubated for 30min at 37°C with the indicated inhibitor, as 
described in Table - 3 r in 0:75 ml of fresh- temperature- 
equilibrated media prior to the addition of [ 125 I]-PT. After a 
2h incubation at 37°C or at room temperature (RT), cells 
were washed and treated as described above. 



Pulserchase analysis of cell-associated [ 125 I]-PT 

CHO cell monolayers (12-well plates) were incubated with 
[ 125 I]-PT (0.1 pmoles) at 22°C for 30 min and then washed to 
remove unbound toxin (pulse). Cells were then incubated for 
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an additional 1, 2, or 3h (chase) at either 22°C or 37°C after 
which time cells were washed, and then resuspended in 
SDS-PAGE sample buffer and boiled. Cell-associated [ 125 Q- 
PT was assayed by SDS-PAGE followed by autoradio- 
graphy of the dried gel. 



Pronase treatment of cell-associated [ 125 I]-PT 

CHO cells, grown to confluency in 12-well plates, were incu- 
bated with 0.1 pmoles of [ 125 I]-PT in 0.75 ml of fresh media 
for the indicated temperatures and times. At the appropriate 
time, cells were washed four times with cold D-PBS, and 
then incubated alone or with 0.2-4 mg of pronase per millilitre 
of D-PBS for 1 h at 4°C. The digestion was stopped with 
20 mM EDTA in 50% newborn-calf serum. Control samples 
were treated with 20 mM EDTA in 50% newborn-calf serum 
prior to pronase. Cells were transferred to microfuge tubes 
and centrifuged at 8160 xg for 1 min at 4°C. Undisturbed 
pellets were washed in D-PBS containing 20 mM EDTA, cen- 
trifuged for 30 s, suspended in 90\i\ of sample buffer contain- 
ing 10mM EDTA, and boiled for 10 min. Aliquots were 
subjected to SDS-PAGE under reducing conditions, followed 
by autoradiography/ Autoradiographs were quantified by an, 
optical imaging system (AMBIS). Cell-associated PT was 
determined after a zero-time incubation and subtracted from 
the values determined after 30 and 120 min. 
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Abstract 

A novel method is described for the study of viral disassembly and processing in live cells. Vesicular stomatitis virus 
, (VSV) was labelled wit h the fluorescent probe Bodipy-FL and t he resulting r.nnjiig a tP_g, fl c 07 *»/„ self-quenched due 
to fluorescence resonance -energy transfer between neighbouring Bodipy molecules. In vitro experiments showed a 
four-fold increase in Bodipy fluorescence after extraction of VSV G protein from the virus envelope with Triton 
X-100 or ^-octylglucoside. Bodipy-labelled virus retained its capacity to mediate fusion of viral membrane with 
phosphatidylserine liposomes. Incubation of Bodipy-VSV with proteases in the presence of detergent promoted a total 
fluorescence enhancement of ca. 20 fold, showing that the conjugate fluorescence was also sensitive to proteolysis. 
Fluorescence microscopy and flow cytometry experiments with macrophages incubated with Bodipy-VSV revealed 
that intracellular relaxation of fluorescence self-quenching resulted from a combination of viral disassembly due to 
pH-induced membrane fusion and viral protein degradation inside the endosomes. When ; macrophages were 
incubated simultaneously with ammonium chloride and protease inhibitors, the increase in fluorescence was abolished 
completely due to inhibition of both endosomal acidification and proteolysis. In addition, experiments carried out in 
the presence of protease inhibitors alone allowed, for the first time, isolated observation of G protein-mediated fusion 
of viral envelope with the endosomal membrane in living cells. The results indicate that this methodology may find 
wide application for further studies of viral infection. © 1998 Elsevier Science B.V. 
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1. Introduction 
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The entry of viruses into animal cells is a 
complex process not completely understood. En- 
veloped viruses are internalised either via direct 
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fusion of their envelope with the host plasma 
membrane (Choppih and Compans, 1975) or via 
receptor-mediated endocytosis (Helenius et al., 
1980; Matlin et al.', 1982a,b; Schlegel et aL, 1982,' 
Marsh and Helenius, 1989; Lanzrein et aL, 1994)! 
In the latter case, the endosome-encased virus 
must escape from the endosomal compartment in 
order to gain access to the cytosol and eventually 
to the cell nucleus. It has been postulated that the 
endosomal environment, characterised by an. 
acidic pH, leads to conformational changes of 
viral spike glycoproteins, which mediate fusion of 
the viral envelope with the membrane of the 
endosome, thus allowing extrusion of the nucle- 
ocapsid into the cytosol (White et aL, 1981; 
Gaudin et aL, 1995; Hernandez et aL, 1996). 

Despite the relative wealth of current knowl- 
edge regarding the infection process for enveloped 
viruses, in situ experimental observations of virus 
fusion with endosomes are still lacking. To date, 
membrane fusion has been investigated by testing 
the ability of isolated viruses to promote fusion of 
model cells or liposomes (White et al., 1981; Blu- 
menthal et al., 1987; Pal et al., 1988). The disas- 
sembly of an enveloped virus in an intact cell was 
studied. Disassembly--here-is-~understo0d--as-the-- 
loss of integrity of viral structure without chemi- 
cal modification, as induced by membrane fusion, 
by fusion-induced uncoating of viral nucleic acid 
with full dissociation of viral proteins or, in the 
case of in vitro studies,- by artificial detergent 
solubilization of the virus envelope. 

In order to assess intracellular viral disassembly 
the rhabdovirus vesicular stomatitis virus (VSV) 
was labelled with the unique fluorescent probe 
Bodipy-FL (Fig. 1). VSV is composed of a nega- 
tive-sense RNA, tightly encased by the nucle- 
oprotein (N protein), and a lipidic envelope, 




Fig. 1. Structure of the succinimidyl ester of Bodipy-FL. 



which presents a type I spike glycoprotein (G 
protein) and a peripheral matrix protein (M 
protein) aligning on the inner surface of the mem- 
brane (Wagner, 1987). The fluorescent probe Bod- 
ipy-FL presents highly superimposed absorption 
and emission spectra. Thus, in a heavily labelled 
Bodipy-VSV conjugate, in which probe molecules 
are in close proximity, Bodipy fluorescence is 
self-quenched due to fluorescence resonance en- 
ergy transfer (FRET). As neighbouring Bodipy 
molecules become physically separated, such as in 
the dissociation of protein subunits upon VSV 
disassembly, relaxation of self-quenching occurs, 
leading to increase in fluorescence. 

It should be noted, however, that an increase in 
fluorescence intensity of Bodipy-VSV, besides re- 
porting viral disassembly, may also reflect prote- 
olytic degradation of viral proteins if more than 
one probe molecule is attached to a single viral 
polypeptide chain. In order to address this issue, 
an investigation of the proteolytic processing of 
Bodipy-VSV was carried out. Thus, for in vitro 
characterisation of the conjugate, detergents were 
used to induce VSV disassembly and proteases to 
promote proteolysis. In addition, for in situ stud- 

disassembly and proteolysis are expected to occur. 
Distinction between fluorescence increase due to 
disassembly or proteolysis was made by using 
specific inhibitors of either process. The results 
showed that the Bodipy-VSV conjugate is a sensi- 
tive probe to report virus disassembly and pro- 
cessing in live cells, and it is suggested that this 
approach may find future applications in in situ 
studies of the mechanisms of viral infection. 



2. Materials and methods 

2.1. Reagents 

Cell culture reagents, pepstatin A, leupeptin, 
phenylmethylsulfonyl fluoride (PMSF), ammo- 
nium chloride, bovine brain phosphatidylserine 
and proteinase K were purchased from Sigma (St. 
Louis, MO). Fetal bovine serum (FBS) was pro- 
vided by Cultilab (Campinas, SR Brazil). The 
amino reactive succinimidyl ester derivative of 
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Bodipy-FL was from Molecular Probes (Eugene, 
OR). All other reagents employed in this study 
were of analytical grade. 

2.2. Cell culture 

Macrophages from the lineage J774 were 
kindly provided by Dr. Pedro Persechini (Uni- 
versidade Federal do Rio de Janeiro, Brazil). 
Cells were grown in monolayers on 24-well 
plates at 37°C in a CO2 incubator, using Dul- 
becco's modified Eagle's medium (DMEM) sup- 
plemented with 10% FBS, 1% Eagle's minimum 
essential medium non-essential amino acids, gen- 
tamicyn-arnpicillin antibiotics and buffered with 
sodium bicarbonate. Two days before use for 
flow cytometry experiments, cells were harvested 
from stock culture flasks by gentle pippeting, 
diluted to 5 x 10 4 cells^ml and transferred to 96- 
well plates (200 /d/welf). For microscopy experi- 
ments, cells were dropped onto coverslips, 
incubated for 1 h to allow attachment to the 
glass surface, placed in petri dishes containing 
10 ml supplemented DMEM and used 3-4 days 
later. 

2.3. Virus propagation and purification 

VSV type Indiana was kindly supplied by Dr. 
Carlos F.S. Bonafe (Unicamp, Brazil). Virus was 
propagated in monolayers of baby hamster kid- 
ney cells (BHK21) for 16 h on a roller appara- 
tus placed in a C0 2 incubator (37°C) and 
purified as described by Da Poian et al : (1996). 

2.4, Virus labelling 

VSV was labelled with the succinimidyl ester 
(SE) derivative of Bodipy-FL (Fig. 1), which re- 
acts with unionised aliphatic amines provided 
predominantly by lysine residues at pH 8.0. A 
purified viral sample, diluted to 100 fig protein/ 
ml in 40 mM phosphate buffer (pH 8.0), was 
incubated with a freshly dissolved solution of 
odipy-FL SE in dimethylformamide to give a 
al probe concentration of 7.3 fiM in 1% 
ethyiformamide. Labelling proceeded for 72 
t 4°C, under constant stirring. Free probe 



was removed by extensive dialysis against 50 
mM Tris-HCl buffer, pH 7.5. Labelled virus 
was kept at 4°C, protected from the light. 

2.5. Fluorescence microscopy 

Fluorescence microscopy was carried out using 
a Zeiss Axioskop microscope equipped with a 
short mercury arc lamp (Osram HBO 50 W; 
0sram > , Berlin). Bodipy fluorescence was ob- 
served by setting the instrument for detection of 
fluorescein fluorescence (Zeiss 487909 filter set). 
Images were collected with a Star I camera sys- 
tem (Photometries, Tucson, AZ) consisting of a 
cooled camera head, a charge-coupled device, a 
camera controller and a cooling Liquid circula- 
tion unit (LC200), using processing software 
provided by the manufacturer. 

Macrophages attached to coverslips were 
pulsed in a petri dish containing 2 ml of com- 
plete DMEM with 16 //g/ml Bodipy-VSV. After 
10 min at 37°C, pulsing medium was removed, 
coverslips were washed 3 times with Bodipy-free 
DMEM, and the petri dish was returned to 
37°C. At the desired chase times, individual cov- - { 
^r^^_j^e_x^mx^i from the dish and, placed— 
in 4% paraformaldehyde for fixation. Observa- 
tion fields were selected using transmitted light 
to minimise photo-bleaching of the sample. Time 
exposures were 0.2 s for transmitted light and 5 
s for fluorescence pictures. The same scale of 
intensities was used in all pictures. Images were 
processed on a personal computer equipped with 
a GPIB interface (NI-488.2, National Instru- 
ments). 

2.6. Fluorescence measurements on Bodipy-VSV 

Fluorescence intensity and light scattering 
measurements were recorded^ using ISS GREG 
200 or ISS K2 spectrofluorometers (ISS, Cham- 
paign, IL). Fluorescence intensity was measured 
using excitation and emission wavelengths of 490 
and 510 nm, respectively. Bodipy-VSV was di- 
luted to 2 //g/ml in 50 mM Tris-HCl buffer, pH 
7.5, and a baseline was recorded for 5 min. De-* 
tergents or proteases were added at the indicated 
concentrations and fluorescence was recorded at 
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37°C. Light scattering was measured at 90° in the 
spectrofiuorometer by selecting the same wave- 
length for both excitation and emission 
monochromators (370 nm). 

2. 7. Polyacrylamide gel electrophoresis of labelled 
virus 

Approximately 30 /ig of purified labelled virus 
was solubilised in electrophoresis sample buffer 
(200 mM Tris, 1% sodium dodecyl sulphate 
(SDS), 2% A-mercaptoethanol and 3 M urea, pH 
6.8). The sample was boiled for 2 min and run on 
a 15% polyacrylamide gel, protected from light. 
For photography, the gel was transilluminated 
with UV light (254 nm) and transmitted light was 
rejected using a 3-69 Corning filter (cut-ofT at 525 
nm). 



2.8. Preparation of liposomes 

Phosphatidylserine (PS) dissolved in chloro- 
form was evaporated under nitrogen and the lipid 
film formed was resuspended in 10 mM Tris, 10 
mM sodium acetate- bufferr pH-^-^jr^f-ttr 
produce a final concentration of 1 mM. The sus- 
pension was vortexed vigorously for 5 min. Small 
unilamellar vesicles were formed by sonicating the 
turbid suspension using a Branson Sonifier (Sonic 
Power Company, Danbury, CT) equipped" with a 
-titanium microtip probe. Sonication was per- 
formed in an ice bath, alternating cycles of 30 s at 
50% full power, with 60 s resting intervals until a 
transparent solution was obtained (approximately 
10 cycles). 

2.9. Isolation of G protein from labelled virus 

VSV G protein was isolated according to 
Mathieu et al. (1996). Purified labelled virus in 50 
mM Tris-HCl (pH 7.5) was incubated with 60 
mM octylglucoside at room temperature for 1 h. 
Nucleocapsids were removed by centrifugation at 
43 000 rpm for 90 min in a Beckman 50 Ti rotor. 
The supernatant was diaiysed against deionised 
water to remove detergent. 



2 AO. Flow cytometry 

Flow cytometry was carried out using a Coulter 
EPICS-Elite ESP instrument (Miami, FL). Bodipy 
fluorescence measurements were made by setting 
the instrument for detection of fluorescein fluores- 
cence, i.e. excitation was obtained with an argon 
ion laser (488 nm) and emission was collected 
through a combination of a 525 nm bandpass and 
a . 550 cut-off filter. For each data point, 10000 
cells were analysed for size and granularity using, 
respectively, refraction index and 90° light scatter- 
ing. A cell population corresponding to the ma- 
jority of five cells was gated and fluorescence 
analysis performed exclusively for this population. 
Typically, 80% of cells analysed were included in 
the gate. The data presented correspond to the 
percentage of fluorescent cells or to the centers of 
mass of the distributions of fluorescence in the 
population defined in the gate. 

In a typical experiment, cells attached to 96- 
well plates were pulsed for 10 min with 10 /ig/ml 
Bodipy- VSV, washed three times with virus-free 
medium and incubated in virus free medium for 
variable times. Immediately before analysis, cells 
-w^r-e^-emov^d^rera pi p e t- 
ting and transferred to cytometry tubes. When 
protease inhibitors or ammonium chloride were 
used, a pre-incubation step of 15 min was in- 
cluded before pulsing, and inhibitors were present 
throughout the experiment: 



3. Results 

3.1. Dequenching of Bodipy -VSV fluorescence in 
intact macrophages 

The highly substituted Bodipy- VSV conjugate 
used throughout was analysed in order to deter- 
mine its labelling stoichiometry, as well as to 
define the degree of self-quenching due to fluores- 
cence homotransfer. The stoichiometry of la- 
belling was calculated by dividing the number of 
equivalents of Bodipy in the conjugate, measured 
using e 5O2 = 77 000 M^/cm, by the total number 
of VSV units, estimated using a proteic molecular 
mass of 198 MDa (Thomas et al., 1985). The 
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Bodipy:VSV labelling ratio thus obtained was 
15 000 Bodipy molecules per virus. This corre- 
sponds to a stoichiometry of three probes per 
polypeptide chain, supposing an even distribution 
of the 15 000 probe equivalents among the 4800 
viral subunits (Thomas et a].. 1985). In addition, 
considering that G, M and N proteins present 
between 21 and 30 lysine residues each (Rose and 
Gallione, 1981; Gallione et al., 1981), we expect 
that approximately 10% of the lysine residues in 
viral subunits would be bound to the probe: The - 
degree of self-quenching was calculated by com- 
paring the fluorescence intensities obtained for 
free and for VSV-bound Bodipy at identical 
OD 502 , which revealed that the Bodipy-VSV con- 
jugate was 97.6% self-quenched due to FRET. . 

Considering this high level of self-quenching, it 
would be expected that" a substantial increase in 
fluorescence would occur upon VSV disassembly: 
(loss of integrity of viral envelope) and/or uj>on 
its proteolytic degradation. Fluorescence changes 
of Bodipy-VSV due to" disassembly and/or pro- : 
cessing in live macrophages were monitored by 
fluorescence microscopy (Fig. 2). J774 
macrophages adhered onto cpverslips were pulsed 
with labelled virus for 10 min, washed to remove ;, 
non-internalised corijup!tT~a^ on the 

fluorescence microscope at different times. At 
time zero, i.e. immediately after washing, a rela- 
tively low level of intracellular fluorescence was. 
observed (Fig. 2A IV). Cell-associated fluores- 
cence was clearly concentrated in internal com- 
partments of the macrophage, compatible with an 
endosomal localisation of Bodipy-VSV. 1 and 2 h 
after washing, a progressive increase in intracellu- 
lar fluorescence was evident (Fig. 2A V and VI). 
This time-dependent fluorescence enhancement 
precisely reflected the kinetics of Bodipy fluores- 
cence dequenching, since the removal of Bodipy- 
labelled VSV from the incubation medium 
(washing step) ensured that fluorescence would 
^not increase due to continuous uptake, nor would 
it decrease due to a concentration effect. The 
3uorescence intensities of the images were 
alysed quantitatively as histograms, represent- 
)the distributions of intensities per image pixel 
average fluorescence intensities of the images 
expressed by quantifying the centres of mass 




of these distributions. Values were calculated ei- 
ther for entire images or for individual cells ran- 
domly selected from different images (Fig. 2B and 
C s respectively), yielding comparable increases in 
intracellular fluorescence intensities. 

3.2. In vitro characterisation of virus disassembly 

I 

The results shown in Fig. 2 demonstrate that 
the fluorescence of Bodipy-VSV was dequenched 
progressively - - following— y internalisation into 
macrophages. However, in vitro characterisation 
" of Bodipy-VSV was necessary to investigate 
whether the conjugate was sensitive to the two 
processes which could lead to fluorescence de- 
quenching, namely viral disassembly and prote- 
olytic degradation: In vitrd "Characterisation of 
VSV. disassembly was . carried out by taking ad- 
vantage of . the previous observation that G 
protein can be solubilised.. ''selectively from the 
viral membrane by treatment of purified virus 
with non-ionic detergents such as Triton X-100 
(Bishopi et al, 1975) or J^D-octylglucoside (Petri 
and Wagner, 1979) .The fluorescence emission of 
untreated labelled virus was very low, while spec- 
tra obtained after incubation of the sample with 



T% Tnton X-100 or 60 mM octylglucoside pre- 
sented a four-five-fold increase in fluorescence 
emission at 510 nm (Fig. 3 A). Stepwise addition 
of increasing concentrations, of either detergent 
resulted in a gradual increase in Bodipy fluores- 
cence (Fig. 3B)/ The detergent concentration 
which promoted half-maximal fluorescence in- 
crease was 0.01% for Triton and 18 mM for 
octylglucoside. 

VSV G protein exists predominantly as a trimer 
of identical subunits in the virions and in infected 
cells (Dubovi and Wagner, 1977; Kreis and 
Lodish, 1986; Doms et ah, 1987). Since the 
protein is obtained in trimeric form when it is 
solubilised from the virions either with octylglu- 
coside (Lyles et al., 1990) or with Triton X-100 
(Wilcox et al., 1992), the increase in Bodipy 
fluorescence observed in Fig. 3B corresponded to 
release of trimers from the virus. Panel C in Fig. 
3 shows that stepwise addition of Triton de- 
creased the intensity of light scattering of the 
sample, compatible with a decrease in hydrody- 
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Fig. 3. Effect of detergents on the fluorescence of isolated Bodipy-VSV. (A) Fluorescence emission spectra of 2 //g/ml Bodipy-VSV 
were recorded in buffer (A), in the presence of 1% Triton X-100 (O) or in the presence of 60 mM octylglucoside (•). Excitation 
wavelength was 490 nm. (B) Effects of Triton X-100 (O) and octylglucoside (•) on Bodipy-VSV fluorescence. Excitation and 
emission wavelengths were 490 and 510 nm, respectively. (C) Effect of Triton X-100 on light scattering measured at 370 nm. 



namic radius of VSV upon virus disassembly. A 
maximal decrease in light scattering of approxi- 
mately 70% was observed at 0.03% Triton, while 
0.01% Triton promoted half-maximal effect. 

Due to the hydrophobic nature of Bodip y, one 
possibility that was examined was whether, in- 
stead of labelling viral proteins, the probe could 
partition into the lipid moiety of the viral mem- 
brane during the labelling procedure. If this were 
the case, the fluorescence increase induced by 
detergents could be determined exclusively by the 
release of membrane-associated Bodipy molecules. 
In order to demonstrate that in the Bodipy-VSV 
conjugate Bodipy was bound covalently to the 
protein moiety of VSV, SDS-PAGE analysis of 
the solubilised virus was undertaken (Fig. 4). The 
fluorescence pattern on a n on -stained gel showed 
that Bodipy was bound to protein bands corre- 
sponding to the three major VSV protein compo- 
nents, namely G, N and M proteins. It should be 
noted that the overall fluorescence intensities ob- 
served in individual polypeptide bands did not 
directly reflect the extent of labelling, since 
fluorescence emission depended not only on the 
number of probe molecules bound to each protein 
ut also on the extent of energy transfer between 
em. 



3.3. pH -induced membrane fusion mediated by 
isolated Bodipy-VSV 

In order to investigate whether VSV retained 
the capacity of mediating membrane fusion after 
extensive labelling with Bodipy, the ability of 
Bodipy-labelled VSV to induce fusion of viral 
membrane with PS liposomes (Fig. 5) was exam- 
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Fig. 4. SDS-PAGE of the Bodipy-VSV conjugate. Bodipy- 
VSV solubilised in electrophoresis sample buffer was examined 
on SDS-PAGE, using a 1 5% polyacryl amide gel. The gel was 
transiUuminated with UV-Iight (254 nm) and photographed 
through a 3-69 Corning filter (cut-off at 525 nm). Positions of 
G, f>f and M proteins, as well as of molecular weight markers 
are indicated. 
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Fig. 5. VSV-mediated membrane fusion probed by Bodipy 
fluorescence dequencbing. Fluorescence -intensity of Bodipy-la- 
belled VSV (2 ^g/ml) at 510 nm was recorded, following 
addition of phosphatidyl serine liposomes (625 ,ug/ml). The 
experiment was performed in 50 mM Tris, 10 mM sodium 
acetate buffer either at pH 7.3, (O) or at pH 5.0 (»). Excita- 
tion wavelength was 490 nm. 
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ined. Bodipy-VSV was incubated with PS vesicles 
at pH 5.0 and this interaction resulted in 70% 
increase in Bodipy fluorescence (Fig. 5, closed 
circles). However, whe~n the^samelTxperiment was 
repeated at pH 7.3, a 28% increase in fluorescence 
was observed (Fig; 5 ? ; open - circles); The fluores- 
cence intensity reached a plateau after about 10 
min of incubation at 37°C. The kinetics of fusion 
reported now were similar tp that described by 
Pal et al. (1988), indicating that Bodipy-VSV 
fluorescence dequenching may. also be used to 
follow separation between G proteins as a conse- 
quence of membrane fusion. 

3A. Proteolytic degradation of Bodipy-VSV 

The kinetics of in vitro degradation of Bodipy- 
VSV are shown in Fig. 6A. Addition of 0.03% 
riton to the native virus immediately led to a 
ur-fold increase in Bodipy fluorescence. Further 
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Fig. 6. Proteolytic degradation of Bodipy-VSV\ (A) Fluores- 
cence emission at 510 nm of a 2 /ig/ml Bodipy-VSV sample 
was measured over time, at 37°C. Arrows indicate addition of 
0.03% Triton X-100 or 500 /ig/ml Proteinase K. (B) Fluores- 
cence emission spectra were recorded prior to additions (A), 
after addition of Triton X-100 (□) and after incubation with 
Proteinase K for 30 min (O). Excitation wavelength was 490 
nm. 
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addition of proteinase K promoted an additional 
four- six-fold increase in fluorescence intensity of 
the sample. Bodipy fluorescence emission spectra 
in each condition are shown in Fig. 6B. When the 
protease was added before detergent treatment, a 
ten-fold increase in fluorescence was observed. 
Addition of 0.03% Triton after proteolysis pro- 
moted a further increase of two-fold (not shown). 
Thus, increase in fluorescence obtained was ap- 
proximately 20 fold whether the protease was 
added before or after incubation with Triton. 

In order to compare the dependence of deter- 
gent- or protease-induced dequenching on the sto- 
ichiometry of labelling of Bodipy- VSV, in vitro 
studies were carried out using a different conju- 
gate, in which the labelling ratio was reduced to 
5000:1, as compared the 15 000:1 ratio used 
throughout this work. In this conjugate, Bodipy 
fluorescence was 92.4% quenched and addition of 
Triton followed by addition of proteinase K led to 
fluorescence increases of five and three-fold, re- 
spectively (not shown). This result shows that a 
three-fold decrease in the labelling stoichiometry 
did not lead to loss of sensitivity of the conjugate 
to either disassembly or proteolysis. 



3.5. Disassembly and proteolysis of Bodipy- VSV 
in live cells 

In the previous sections Bodipy-VSV indicated 
both viral disassembly and degradation in vitro 
and to undergo fluorescence dequenching inside 
macrophages. In order to identify and quantify 
VSV disassembly and processing in live cells, Bod- 
ipy fluorescence dequenching in J774 macrophages 
was investigated, using flow cytometry. 
Macrophages were pulsed with Bodipy-VSV for a 
fixed time, washed and cell-associated fluorescence 
was measured at increasing times (Fig. 7, filled 
circles). Within 2 h, the percentage of fluorescent- 
labelled cells had gradually increased from 5 to 
25% (circles, in panel A), which corresponded to 
an approximately two-fold increase in the average 
fluorescence intensity of the cell population (cir- 
cles, in panel B). Between 2 and 3 h the fluores- 
cence intensity remained constant. Thus, the 
inetics measured by flow cytometry in live cells 
s compatible with the kinetics observed in 
rescence microscopy experiments. 
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Fig. 7. Disassembly and proteolytic degradation of Bodipy- 
VSV in macrophages. Macrophages were pulsed for 10 min 
with 10 Atg/ml Bodipy-VSV. After washing, cells were incu- 
bated for the time periods indicated in the abscissa and 
analysed by flow cytometry. Panel A shows the percentage of 
fluorescent cells obtained in a control experiment (•), in the 
presence of a mixture of protease inhibitors (□) or in the 
presence of both protease inhibitors and ammonium chloride 
(A). Panel B depicts results from the same experiment ex- 
pressed as centers of mass of the fluorescence distributions. 



54 



A T, Da Poian et ah / Journal of Virological Methods 70 (1998) 45-58 



The observed increase in cell-associated fluores- 
cence might result from dissociation of the virus 
structure, proteolysis of labelled viral proteins, or 
a combination of both processes. To investigate 
the origin of fluorescence dequenching in 
macrophages, we have carried out experiments 
were carried out using ammonium chloride and 
inhibitors of three different types of cell proteases. 
When ammonium chloride and inhibitors were 
present simultaneously throughout the experi- 
ment, the increase in cellular fluorescence was 
abolished completely (Fig. 7, triangles). However, 
when only protease inhibitors were used, a signifi- 
cant increase in cell fluorescence was detected, 
although significantly lower than the fluorescence 
increase observed in control cells (Fig. 7, squares). 
In the presence of protease inhibitors alone (in the 
absence of ammonium chloride), acidification of 
endosomal compartments occurs normally. Thus, 
the significant fluorescence increase observed in 
this condition corresponded to an effect induced 
by acidification but independent of proteolysis. 
This probably reflects viral disassembly, or, more 
precisely, the separation of G protein molecules as 
a consequence of membrane fusion. 

To confirm that the increase in fluoreseenee-of- 
cells incubated with protease inhibitors alone re- 
sulted from G protein dissociation and not from 
its denaturation or to residual activity of endoso- 
mal proteases, G protein was isolated from la- 
belled virus and used for experiments similar to 
those described for the whole virus. In vitro prote- 
olytic degradation of isolated G protein (with 
proteinase K) promoted a three-fold increase in 
^ Bodipy fluorescence (Fig. 8A). The initial fluores- 
cence intensity of G protein before proteolytic 




Fig. 8. Proteolysis of isolated Bodipy-labelled G protein de- 
tected by fluorescence dequenching. G protein was isolated 
from purified labelled virus (total protein concentration of 100 
^g/ml) and diluted 50-fold before the experiment. (A) Bodipy 
fluorescence emission of isolated labelled G protein incubated 
at 37°C was measured at a fixed emission wavelength (510 
nm). The arrow indicates addition of 500 //g/ml Proteinase K. 
(B) Fluorescence emission spectra were recorded for the 
purified labelled virus (2 //g/ml) (A) and for isolated G 
-rotein before (□) and after incubation with 500 //g/ml 
roteinase K at 37°C for 30 min (O). Excitation wavelength 
s 490 nm. 



degradation was higher than that observed for 
intact virus at the same concentration (compare 
triangles and squares in Fig. 8B). This difference 
is compatible with the more effective self-quench- 
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ing expected to occur in the whole virus. When 
isolated G protein was incubated with 0.03% Tri- 
ton, a small fluorescence increase (20%) was ob- 
served (not shown). This fluorescence increase can 
possibly be explained by the previous report that 
isolated G protein, after solubilisation with Triton 
and dialysis, forms small aggregates (Petri and 
Wagner, 1979). Addition of high detergent con- 
centrations probably induced dissociation of G 
protein aggregates, leading to this modest increase 
in fluorescence. Similar aggregates have been ob- 
served for the isolated envelope glycoprotein of 
Semliki forest virus (Helenius et al., 1977) and 
Friend leukaemia virus (Schneider et al, 1979), as 
well as for the neuraminidase glycoprotein of 
influenza virus (Laver and Valentine, 1969). 

Degradation of isolated G protein by 
macrophages was also followed by flow cytome- 
try. The kinetics of degradation was measured in 
control cells, as well as in cells incubated in the 
presence of protease inhibitors; or in the presence 
of protease inhibitors plus ammonium chloride 
(Fig. 9A). Differently from observed with whole 
virus, no increase in intracellular fluorescence 
could be detected either in the presence of 
protease inhibitors or in the presence of protease 



inhibitors plus ammonium c&Ipnde~(Pig. 9 A) 
This result confirmed that the increase in intracel- 
lular fluorescence after internalisation of intact 
Bodipy-VSV observed in the presence of protease 
inhibitors (Fig. 7, squares) was due to virus disas- 
sembly in the endosomes. As an additional con- 
trol to confirm that complete inhibition of protein 
degradation occurred in cells incubated with 
protease inhibitors in the absence of ammonium 
chloride^ the same type of experiment was re- 
peated, using a highly substituted Bodipy-BSA 
conjugate (Fig. 9B). Similarly to the result found 
for G protein, no significant intracellular fluores- 
cence enhancements were observed for cells 
treated with protease inhibitors alone or com- 
bined with ammonium chloride. 



4. Discussion 



We have shown that Bodipy-VSV is a sensitive 
be to study VSV disassembly and processing in 



live macrophages. The sensitivity of the conju- 
gate to viral disassembly was due to fluorescence 
homotransfer between different viral proteins, 
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Fig. 9. Degradation of Bodipy-G protein by macrophages. 
Macrophages were pulsed for 30 min with 3 /rg/ml Bodipy-la- 
belled G protein. After washing, cells were chased for the time 
periods indicated in the abscissa and analysed by flow cytome- 
try. Panel A shows the percentage of fluorescent cells obtained 
m the absence of additions (•), in the presence of a mixture of 
protease inhibitors (□) or in the presence of both protease 
inhibitors and ammonium chloride (A). Panel B shows a 
similar experiment performed for Bodipy-BSA at a final con- 
centration of 20 /ig/ml. 
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whereas sensitivity to proteolytic processing origi- 
nated from energy transfer between Bodipy 
molecules localised in a single polypeptide chain. 

In vitro studies showed that treatment of Bod- 
ipy-VSV with Triton or octylglucoside led to de- 
quenching of Bodipy fluorescence. It has been 
shown previously that non-ionic detergents solu- 
bilise G protein from native virions but do not 
promote extraction of M and N proteins (New- 
comb and Brown, 1981). In the conditions used 
above, i.e. 60 mM octylglucoside or 1% Triton at 
low ionic strength, only G protein and lipids are 
solubilised, leaving insoluble structures called 
'skeletons', which contain viral RNA complexed 
with N and M proteins (Cartwright et al. s 1970; 
Newcomb and Brown, 1981). Therefore, although 
N and M proteins were also labelled in the Bod- 
ipy-VSV conjugate (Fig. 4), the detergent-induced 
increase in fluorescence measured in vitro corre- 
sponded exclusively 16= relaxation of self-quench- 
ing occurring between Bodipy-labelled G proteins 
or between G proteins and 'skeleton' N and M 
proteins. 

In situ studies showed that the increase in 
fluorescence observed in macrophages resulted 
from two addjtiye„_effec^^ 

protease inhibitors plus ammonium chloride and 
another inhibited by ammonium chloride alone. 
The latter component was identified as corre- 
sponding to relaxation of self-quenching between 
neighbouring G proteins upon fusion of VSV 
envelope with the endosomal membrane, a pro- 
cess known to depend on pH acidification (Matlin 
et al., 1982b). Since N and M proteins were also 
labelled with Bodipy, it is possible that their dis- 
sociation following membrane fusion' also con- 
tributed to the observed fluorescence 
dequenching. It is not known whether the VSV 
nucleocapsid evades the endosomes to the cytosol 
while still preserving its RNA-N protein assembly 
or whether the nucleic acid becomes fully un- 
coated after fusion. Experiments with Semliki 
Forest virus (SFV) have shown that uncoating 
depends on the interaction of virus capsid protein 
and the 60S ribosomal subunits (Singh and Hele- 
nius, 1992), which suggests that the nucleocapsid 
tructure might be preserved in infected cells until 
nucleocapsid encounters a ribosome. How- 




ever, in the case of influenza virus, the proton 
channel M2 protein promotes internal acidifica- 
tion of the virus, priming the nucleocapsid for 
dissociation upon penetration into the cytosol 
(Helenius, 1992). Selective labelling of VSV N 
protein with Bodipy may be employed in the 
future to elucidate the uncoating step of VSV 
infection. 

Bodipy- VSV has also been shown to be a sensi- 
tive probe for monitoring proteolytic degradation 
by endosomal proteases. In situ studies on viral 
processing are particularly interesting because en- 
dosomes of fibroblasts, which are model VSV 
hosts, have been shown to possess constitutive 
proteases (Roederer et al., 1987; Schaudies et al., 
1987). Thus, some extent of degradation of viral 
proteins may occur during infection of viruses 
internalised by endocytosis. This phenomenon can 
be easily detected in target cells using the method- 
ology described here. Densely labelled protein 
conjugates, such as self-quenched fluorescein- 
BSA, have previously been used to study prote- 
olytic cleavage, which was accompanied by 
significant increases in fluorescence intensity (Voss 
et al., 1996). Exogenous proteinase K and chy- 
motrypsin promote d an approximately 7 S-fnld in- 
crease in fluorescence emission of FITC-BSA, 
whereas digestion with trypsin resulted in a 14- 
fold increase (Voss et aL, 1996). Proteolysis of 
Bodipy-labelled BSA also led to fluorescence en- 
hancements of. similar magnitude (Reis, R.C.M,, 
Sorgine, M.H.F. and Coelho-Sampaio, T., unpub- 
lished results). 

The present study deals with the intracellular 
fate of VSV in macrophages. Although other cells 
of the immune system, such as T lymphocytes, 
can be infected by VSV, macrophages are not 
natural targets for VSV infection (Whitton and 
Oldstone, 1996). For this reason, this study did 
not focus on the investigation of either the mecha- 
nism or the kinetics of VSV internalisation by 
macrophages. However, as a widely distributed 
antigen-presenting cell (APC), macrophages can 
internalise VSV, participating in the general im- 
mune response against the virus. The short-lived 
generation of antibodies against VSV is known to 
be predominantly helper T-cell independent (Cha- 
ran and Zinkernagel, 1986). However, long-lived 
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production of IgG is dependent on the presence of 
helper T-cells and, hence, on antigen presentation 
by APC (Leist et al., 1987). Thus, internalisation 
of virus by macrophages and presentation to 
helper T-cells take part in the development of a 
humoral response against VSV. 

The cytotoxic T-cell-mediated response against 
VSV plays a major role in the elimination of VSV 
infection. Participation of APC-activated CD4 + 
T-cells in the cytotoxic response against different 
viruses has been shown to vary largely depending 
on virus type and on the spectrum of cytokine 
production associated with different viruses (Do- 
herty et al., 1992). In this regard, the involvement 
of CD4 + T-cells has been demonstrated in the 
case of chronic infection by lymphocytic chori- 
omeningitis virus (Matloubian et al. } 1994). In the 
case of VSV, CD4 + cytotoxic T cells have been 
shown to mediate lysis of APCs presenting soluble 
G protein fragments in the context of MHC II, 
which has been postulated to mediate the spread 
of viral pathogenicity in infected tissues (Brown- 
ing et al., 1990). In this case, recognition by T 
cells has been demonstrated to be strictly depen- 
dent on proteolytic degradation of soluble G 
protein in acidic vacuoles in the APC. 

In conclusion, thTrelsults d 
bility and interest in employing viral particles 
densely labelled with Bodipy to examine in real- 
time the intracellular disassembly and processing 
of VSV. Similar studies using other viruses and 
target cells are possible and will contribute to the 
understanding of the mechanisms of viral infec- 
tion. In this regard, we have recently observed 
that VSV labelled 5000:1 with Bodipy was able to 
infect fibroblats with efficiency similar to that of 
unlabelled virus and that the kinetics of disassem- 
bly could be clearly followed through Bodipy 
fluorescence dequenching (Da Poian, A.T., 
Coelho-Sampaio, T., unpublished results). 
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Bcl-2 is a cytoplasmic integral membrane protein with 
potent anti-apoptotic activity but whose mechanism of 
action is poorly understood. The purpose of this paper 
was to obtain large amounts of soluble Bcl-2 protein for 
structural and functional studies. Mouse Bcl-2 (1 _ 203) 
(missing the COOH-terminal hydrophobic tail) was pro- 
duced in bacterial inclusion bodies, solubilized in gua- 
nidine, and refolded by dialysis. The resulting protein 
was monomeric in nondenaturing solution and was ac- 
tive in protecting mouse T hybridoma cells from glu- 
cocorticoid-induced apoptosis. Refolded Bcl-2 (1 _ 203) 
showed no tendency to homodimerize by gel filtration or 
analytical ultracentrifugation. Limited proteolysis ex- 
periments identified a region between the BH3 and BH4 
homology domains of Bcl-2 (1 _ 203) which was extremely 
susceptible to digestion by several common proteases, 
but not by a cell extract known to contain CPP-32-like 
(interleukin-l/3-converting enzyme family) protease ac- 
tivity. The pro tease-sensitive sites were located within a 
50-residue stretch that contained most of the noncon- 
served and proline residues of Bcl-2 U _ 203) . Trypsin- 
cleaved Bcl-2 0 _ :i03) eluted in the same position as the 
undigested protein on gel filtration in nondenaturing 
solution, indicating that the two portions of the mole- 
cule connected by the protease-sensitive region associ- 
ate stably and noncovalently. The solution properties of 
Bcl-2 (1 _ 203) suggest that it consists of two noncovalently 
associated domains connected by a long protease-sensi- 
tive linker and that its structure is similar to that of 
Bcl-x L , which has been determined by x-ray and NMR 
analysis. 



Bcl-2 was first detected as a t(14:18) chromosomal translo- 
cation in follicular B cell lymphomas/leukeinias (1) which 
placed the Bcl-2 gene under the control of the Ig heavy chain 
promoter, resulting in its overproduction. Subsequent work 
indicated that overexpression of Bcl-2 prolonged cell survival 
(2) and inhibited programmed cell death induced by multiple, 
diverse stimuli including growth factor withdrawal, glucocor- 
ticoids, and y-irradiation (3, 4). Bcl-2 is an intracellular trans- 
membrane protein and was the first member described of a new 
family of structurally related proteins which now includes Bax, 
Bak, Bcl-x, ced-9, Mcl-l, Al, NR13, Bad, and Bik, all of which 
either promote or inhibit programmed cell death (5, 6). A num- 
ber of studies have identified four domains that are highly 
conserved among Bcl-2 family members and which are required 
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for Bcl-2 function. From the NH 2 terminus, these Bcl-2 homol- 
ogy regions are designated BH4, BH3, BHl, and BH2 (see Fig. 
6). Mutational analyses of Bcl-2 have shown that amino acid 
residues within BH4, BHl, and BH2 are required for its anti- 
apoptotic activity (7—9). In addition, immunoprecipitation or 
yeast two-hybrid experiments have demonstrated that Bcl-2 
forms homodimers using residues within BH4, BHl, and BH2 
(9-11). Bcl-2 also heterodimerizes with the pro-apoptotic pro- 
tein Bax, resulting in enhanced cell survival (9, 12). Het- 
erodimerization involves residues from BHl and BH2 in Bcl-2 
(9) and residues from BH3 in Bax (13) and the related protein, 
Bak (14). 

Recently, the x-ray and NMR structures of the cytoplasmic 
portion of Bcl-x L , a molecule sharing 35% amino acid sequence 
identity with Bcl-2, have been published (15). The structure 
consists of seven associated a-helices and a long flexible region 
that connects the first and second helices. The first helix (al) 
comprises most of BH4, whereas the remaining helices lie in 
the COOH-terminal part of the molecule which contains BHl, 
BH2, and BH3. The flexible domain corresponds to a region of 
the Bcl-x L and Bcl-2 molecules which exhibits the greatest 
variability in amino acid sequence between molecules from 
different species and Bcl-2 family members. Unlike the BHl- 4 
regions, the flexible domain can be deleted without loss of 
anti-apoptotic activity (7, 15). 

Since most previous studies have focused on Bcl-2 rather 
than Bcl-x, it is important to establish that Bcl-2 and Bcl-x 
have similar structures. Previous work showed that mouse 
Bcl-2 truncated at residue 203 (approximately 12 residues 
NH 2 -terminal of the transmembrane portion) retained biologic 
activity (8, 16). In the current paper we have produced recom- 
binant mouse Bcl-2 U _ 203) in bacteria. We show that refolded 
Bcl-2 n _ 203) is active, contains a long, protease-sensitive portion 
that corresponds to the Bcl-2 variable region, and that the 
NH 2 - and COOH-terminal portions remain noncovalently as- 
sociated following digestion. Our data indicate that Bcl-2 and 
Bcl-x have similar structures. 

MATERIALS AND METHODS 
Cloning of Bcl-2 a _ 203j — DNA encoding Bcl-2 a _ 203) was prepared by 
polymerase chain reaction amplification of a plasmid containing a full- 
length murine Bcl-2 cDNA (a kind gift from Dr. Jeff Huth, NIDDK, 
Bethesda, MD) using 5' primer CTTGCAGAAGGAGATATACATATG- 
GCGCAAGCCGGGAGAACA and 3' primer GTTAGCAGCCCTCGAGT- 
TATT AC ATG CTG G G G C CAT ATA . The polymerase chain reaction 
product was cloned directly into pCR**II with an Invitrogen (San Diego, 
CA) TA cloning kit. The insert encoding Bcl-2 (1 _ 203) was removed by 
digestion with Ndel and Xhol and subcloned into NdeVXhol sites of 
pET21a (Novagen, Madison, WI). Sequence analysis using the dideoxy 
chain termination procedure confirmed that the insert contained the 
correct Bcl-2, ,_ 203 , sequence. The BL2KDE3) strain of Escherichia coli 
was transformed with the pET21aBcl-2 (1 _ 203) plasmid for protein 
expression. 

Induction and Purification of Bcl-2 n _ 203) Protein — Transformed bac- 
teria were grown to an OD 6QO of 0.4-0.8 and induced with isopropyl-£- 
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D-thiogalactoside (Calbiochem) as described (17). The bacteria were 
pelleted and resuspended in 20 ml of 5 x TE (1 X TE = 0.01 M Tris, 1 
mM EDTA, pH 7.5) for each 500 ml of culture. Chicken egg white 
lysozyme (Sigma Chemical Co.) was added to a final concentration of 0.1 
mg/ml, and the bacteria were incubated 1 h at 30 °C and then frozen at 
— 20 °C. After thawing, purified inclusion bodies were prepared by 
washing (17). The purified inclusion bodies were stored at -70 °C. 

Refolding of Bcl-2 fl _ 203) — Purified inclusion bodies containing Bcl- 
2ti-203) protein were solubilized in 6 m guanidine HC1, 10 mM dithio- 
threitol and diluted to 0.5 mg/ml in the same solvent. This solution was 
dialyzed at 4 °C against 10 volumes of TE containing 0.4 M arginine, 1 
mM dithiothreitol for 24 h with two solution changes. The dialyzed 
protein was concentrated with Centriprep 10 concentrators (Amicon, 
Beverly, MA) and fractionated on a 100 X 2.6-cm Sephacryl S-200 
preparative gel filtration column in the same solvent (Pharmacia Bio- 
tech Inc.). The peak corresponding to monomeric Bcl-2 (1 _ 203> was col- 
lected, concentrated, and stored at 4 "C. In later experiments, the 
guanidine-solubilized protein was dialyzed twice against 10 volumes of 
TE containing 0.4 M arginine and twice against 10 volumes of borate- 
buffered saline (BBS 1 ; 0.15 m NaCl, 0.01 M sodium borate, pH 8.5) at 
4 °C, centrifuged for 10 min at 32,000 X g, and the supernatant con- 
centrated. Protein prepared in this way was as homogeneous as Bcl- 
2(i_203> t* 13 * had been purified by gel filtration. 

Transient Transfection Death Assay — The transient transfection 
death assay was performed as described previously (18) except that 
refolded Bcl-2 protein instead of a Bcl-2 plasmid expression vector was 
electroporated into cells. Bovine serum albumin or Bcl-2 (X _ 2 oa) refolded 
protein (approximately 1 mg/ml) was dialyzed against RPMI 1640 with 
20 mM HEPES. 2B4.11 cells were pelleted and resuspended in the 
protein solution to which 5 fig of cytomegalovirus /3-galactosidase re- 
porter and 10 p,g of pCIFas (expression vector for human Fas) DNA 
were added per cuvette. Following electroporation, the cells were cul- 
tured in medium or treated with dexamethasone or anti-Fas mono- 
clonal antibody CHll (Kamiya, Thousand Oaks, CA). The transfected 
cells were incubated overnight and assayed for /3-galactosidase as de- 
scribed (18). 

Gel Filtration, SDS-Polyacrylamide Gel Electrophoresis (PAGE), and 
Protein Concentration — Gel electrophoresis was done with a Pharmacia 
PhastSystem"*. Homogeneous 20% gels and pH 3-9 gels were used for 
SDS-PAGE and isoelectric focusing (IEF), respectively. All gels shown 
in this study were stained with Coomassie Brilliant Blue. Analytical gel 
filtration was done using an HR 10/30 Superdex 75 column in BBS on 
a Pharmacia FPLC 8 " unit. Protein concentration was determined using 
a calculated E^ of 1.7 for a 1 mg/ml solution (19). 

NH s -terminal Protein Sequencing — NH 2 -terminal protein sequenc- 
ing was done by Patricia Spinella, Protein Expression Laboratory, NIH, 
using an Applied Biosystems Protein Sequencer. Trypsin-digested Bcl- 
2 (i--2o3) was run on a 13% SDS-polyacryl amide gel, transferred to a 
polyvinyl id en e disulfide membrane, and individual bands were 
sequenced. 

Jurkat Cell Extracts — Detergent extracts from anti-Fas-treated ap- 
optotic Jurkat cells were a gift from Dr. Ming-Lei Wu, NCI. They were 
prepared essentially as described (20) and hydrolyzed the fluorogenic 
substrate ZDEVD-AFC (which measures CPP-32-like interleukin-lj3- 
converting enzyme family proteolytic activity) at a 1:250 dilution. 

Analytical Ultracentrifugation — Molecular weights were determined 
by equilibrium sedimentation by David Millar (NIDDK) using a Beck- 
man XL-A analytical ultracentrifuge. Bcl-2 (1 _ 203) was dialyzed against 
BBS and loaded into centrifuge cells at concentrations of 0.44, 0.27, and 
0.13 mg/ml. Equilibrium runs were done for 48 h at 5 °C at a rotor speed 
of 12,000 rpm. Data were analyzed using Beckman software. 

RESULTS 

Expression and Folding of Bcl-2 (1 _ 203) Protein — Mouse Bcl- 
2(i _203 >» a 22.5-kDa protein that lacks the membrane- spanning 
region, was produced in E. coli as insoluble inclusion bodies. 
Pig. LA shows that induced bacteria produced large amounts of 
a 25-kDa protein that was easily purified by washing the in- 
clusion bodies. After solubilization in guanidine and dialysis, 
the resulting protein eluted on gel filtration in nondenaturing 
solution as a single peak with an M T of 22,000 (Fig. IB). Col- 
umn-purified Bcl-2 (1 _ 203) gave a single band by SDS-PAGE 



1 The abbreviations used are: BBS, borate-buffered saline; PAGE, 
poly acryl amide gel electrophoresis; IEF, isoelectric focusing. 
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FlG. 1. Expression and folding of Bcl-2 0 _ 203) protein. Panel A t 
SDS-PAGE of uninduced or induced bacterial lysates, washed inclusion 
bodies, and refolded, gel-purified Bcl-2 (1 _ 203) . The anomalously low mi- 
gration rate of Bcl-2, ,_ 2 o3) relative to the standards is probably due to its 
lack of disulfide bonds. Panel B, preparative gel filtration of Bcl-2, !_ 2 o3) 
after solubilization in guanidine, dialysis, and concentration. Panel C, 
IEF of purified, refolded Bcl-2, ,_ 203) . The sample was applied near the 
high pH end of the IEF gel. 



(Fig. LA) and two very closely spaced bands by IEF near the 
predicted isoelectric point of 6.05 (Fig. 1C). The IEF results 
revealed minor heterogeneity, perhaps due to partial deamida- 
tion of Asn or Gin residues. NH 2 -terminal sequence analysis 
confirmed that the refolded protein was indeed Bcl-2 (see Fig. 
6). Bcl-2 tl _ 203) protein was soluble at 1-2 mg/ml in physiologi- 
cal buffers but precipitated at higher concentrations; typical 
yields were 5-10 mg of refolded Bcl-2 (1 _ 203 /liter of bacteria. 
Since misfolded proteins tend to aggregate in nondenaturing 
solvents (21) and precipitate on IEF gels, these data suggest 
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Table 1 
Bc/-2 (1 _ 203) inhibits apoptosis 
Bovine serum albumin (control) and Bcl-2 (1 _ 203> proteins (approxi- 
mately 1 mg/ml) were electroporated into 2B4.11 T hybridoma cells 
along with a plasmid encoding 0-galactosidase. Cells were then treated 
with dexamethasone (Dex) or anti-Fas monoclonal antibody (mAb) as 
indicated, and the numbers of viable, transfected cells were determined 
by 0-galactosidase expression. Cytotoxicity is expressed as the percent- 
age decrease of 0-galactosidase signal in samples treated with pro- 
grammed cell death inducer relative to the untreated controls. Two 
representative experiments are shown. 



Programmed cell death 
inducer 



% Cytotoxicity 



Experiment 1 






Dex (10 nM) 


34 


-8 


Dex (100 nM) 


56 


18 


Anti-Fas mAb (5 ng/ml) 


46 


41 


Experiment 2 






Dex (10 nM) 


33 


16 


Dex (100 nM) 


57 


26 


Anti-Fas mAb (5 ng/ml) 


28 


22 



that Bcl-2 {1 _ 203) was folded correctly. 

Recombinant Bcl-2 Protein Is Active — Overexpression of 
Bcl-2 or Bcl-2 n _ 203) inhibits dexamethasone-induced, but not 
Fas-mediated, apoptosis in the mouse T cell hybridoma 2B4.11 
(Ref. 18 and data not shown). To determine if the bacterially 
expressed arid refolded Bcl-2 (1 _ 203 ) protein was functionally 
active, 2B4 cells were electroporated with either bovine serum 
albumin or Bcl-2 a _ 203) protein (Table I). A plasmid expressing 
/3-galactosidase was cotransfected to provide a measure of via- 
ble, transfected cells (18). The refolded Bcl-2 (I _ 203) protein in- 
hibited dexamethasone-induced death, at two different concen- 
trations, but did not block anti-Fas-induced death. Thus, the 
bacterially produced Bcl-2 (1 _ 203) protein showed qualitatively 
the same anti-apoptotic activity as the transfected full-length 
Bcl-2 gene. 

Bcl-2 (2-203) Does Not Self-associate — Because Bcl-2 has been 
reported to homodimerize (9, 10), we asked whether recombi- 
nant Bcl-2 (1 _ 203 , would form aggregates in solution. Initial 
studies using size exclusion chromatography at different Bcl- 
2{i-203) concentrations failed to reveal stable self-association. 
Analytical equilibrium ultracentrifugation was therefore used 
as a more sensitive probe of aggregation. At equilibrium, the 
mass distribution data were best fit by a single species with a 
molecular mass of 23 kDa, with less than 3% aggregate, over 
the full concentration range tested (Fig. 2). The highest con- 
centration of Bcl-2 {1 _ 203) in the centrifuge cell exceeded 0.5 
mg/ml (22 jllm). At this concentration we would have detected 
self-association if the K d had been 200 jxm or less. 

Limited Proteolysis of Bcl-2 (1 _ 2 o.v — We next probed the struc- 
ture of Bcl-2 (1 _ 203) by limited proteolysis using three relatively 
nonspecific proteases. When Bcl-2 (1 _ 203) was incubated with 
trypsin, chymotrypsin, or papain, discrete bands were pro- 
duced by each of the proteases at low protease:Bcl-2 ratios (Fig. 
3). Trypsin digestion at a weight ratio as low as 1:6,400 gave 
two major fragments migrating at about 15 and 10 kDa. Chy- 
motrypsin also produced two bands, one larger than the 15-kDa 
tryptic fragment, and one smaller than the 10-kDa peptide. 
Finally, papain produced a 12-kDa band and a larger fragment 
that disappeared rapidly. The fact that very low concentrations 
of three different proteases each produced one or two large 
fragments suggests that Bcl-2 (1 _ 203) contains one or more re- 
gions that are highly exposed, with the remaining regions 
being protected from proteolytic attack. In view of its high 
susceptibility to cleavage by common proteases, Bcl-2 (1 _ 203) 
was also tested with extracts from Jurkat cells that contained 
CPP-32-like ( in terleukin- 1)3- con verting enzyme family) prote- 
ase activity. After a 30-min incubation at 37 °C, undiluted cell 
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FiG. 2. Ultracentrifugal analysis of Bel 2, ,_ 203) at 5 *C. Equilib- 
rium mass distribution data (points) are best fit to a model (line) in 
which 97% of the protein has a molecular mass of 23 kDa, and 3% has 
a molecular mass of 130 kDa. Residuals of the fit are shown in the upper 
panel. 



extract did not cleave Bcl-2 (1 _ 203) (data not shown). 

Time Course of Digestion and Noncovalent Association of 
Tryptic Fragments — Bcl-2 (1 _ 203) was digested with trypsin for 
various times, and the reaction products were examined by 
SDS-PAGE and size exclusion chromatography. SDS-PAGE 
(Fig. 4B) showed that by 10 min, most of the Bcl-2 (1 _ 203) was 
digested into the two major fragments described above. Both 
bands appeared simultaneously, suggesting that they were 
produced by a single cleavage of the intact Bcl-2 molecule. In 
contrast, these same samples, when analyzed by gel filtration 
in nondenaturing solution (Fig. 4A) showed little evidence of 
fragmentation into peptides of the size observed by SDS-PAGE, 
indicating that the two tryptic peptides remained associated by 
noncovalent interactions. To confirm this, Bcl-2 (1 _ 203) was di- 
gested with trypsin, fractionated by gel filtration, and analyzed 
by SDS-PAGE (Fig. 5). Two gel filtration peaks were analyzed. 
The fraction (Fig. 5A, peak B) eluting at 21 kDa (the same 
position as intact, monomeric Bcl-2 (1 _ 203) ) consisted of cleaved 
protein (Fig. 5B, lane 4), clearly demonstrating that the tryptic 
fragments associated noncovalently. The high molecular 
weight fraction (Fig. 5A, peak A), probably consisted of aggre- 
gated low molecular weight peptides since no large fragments 
were seen by SDS-PAGE with either Coomassie (Fig. 5B, lane 
3) or silver (not shown) staining. 

Location of Protease-sensitive Sites — To identify the prote- 
ase-sensitive sites of Bcl-2 (1 _ 203) , three tryptic fragments were 
NH 2 -terminally sequenced (Fig. 6). Fragment 2, the 15-kDa 
band, was produced by cleavage at Arg 68 and fragment 3, the 
10-kDa band, had the same NH 2 -terminal sequence as intact 
Bcl-2 U _ 203) . Thus it is likely that cleavage at Arg 68 produced 
fragments 2 and 3. Fragment 1 was a very faint band that 
migrated at the same rate as the high molecular weight chy- 
motryptic fragment. It arose by cleavage at Phe 49 and was 
probably due to contaminating chymotrypsin in our trypsin 
preparation. In view of the fact that Bcl-2 (1 _ 203) contains po- 
tential trypsin and chymotrypsin sites throughout the mole- 
cule, it is clear that residues 49 and 68 were particularly 
susceptible to proteolytic attack. 
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Fig. 3. Proteolytic digestion of Bcl-2 (1 _ 203) . Refolded Bcl-2 (1 _ 203) was incubated in the absence (lanes 1) or presence (lanes 2-7) of the indicated 
protease for 20 min at 37 °C. Weight ratios of protease to Bcl-2: lanes 2, 1:100; lanes 3, 1:400; lanes 4, 1:1,600; lanes 5, 1:6,400; lanes 6, 1:25,600" 
lanes 7, 1:102,400. Reactions were terminated by the addition of SDS loading buffer and boiling. 
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Fig. 4. Time course of digestion of Bcl-2 (1 _ 203) . Panel A, 
Bcl ; 2 c i-203) samples were digested with a 1:1,600 trypsin:Bcl-2 weight 
ratio for the indicated times at 37 °C, and reactions were terminated 
by the addition of soybean trypsin inhibitor. Equivalent amounts of 
digest were applied to a Superdex 75 column in BBS and analyzed by 
fast protein liquid chromatography. Panel B, SDS-PAGE of the sam- 
ples shown in panel A. 

DISCUSSION 

Refolded mouse Bcl-2 {1 _ 203) is a biologically active protein 
that is soluble and monomeric in nondenaturing solution. By 
contrast, misfolded proteins almost invariably aggregate in 
solution (21) and lack biological activity. It is highly likely, 
therefore, that the recombinant Bcl-2 (1 _ 203) used in this study 
was folded correctly. Bacterially produced mouse Bcl-2 (1 _ 203) 
has thus provided a source of soluble protein suitable for prob- 
ing the structure and function of the Bcl-2 cytoplasmic domain. 

Previous reports showed that Bcl-2 homodimerizes in mam- 



malian cells or in yeast two-hybrid systems (9-11); in contrast, 
Bcl-x L fails to homodimerize (22). It is therefore not surprising 
that recombinant Bcl-x L does not dimerize either in solution or 
in the crystal (15). However, the failure of recombinant mouse 
Bcl-2 (1 _203) to self-associate even at relatively high protein con- 
centrations appears to be inconsistent with previous results. 
One reason for this inconsistency could be that residues 
COOH-terminal to 203 are required for homodimerization. Ha- 
nada et al. (10) showed by yeast two-hybrid analysis that res- 
idues between 196 and 218 in human Bcl-2 (193-215 in the 
mouse) are necessary for homodimerization, but whether resi- 
dues between 203 and 215 are required for self- association is 
not known. Another reason might be that bacterially produced 
Bcl-2 lacks post-translational modifications, present in yeast or 
mammalian cells, which are required for homodimerization. 
Bcl-2 can be phosphorylated (23-25), but other modifications 
are also possible. 

The most striking feature of the Bcl-2 (1 „ 203) molecule is its 
extraordinary susceptibility to a variety of proteases. Trypsin, 
chymo trypsin, and papain all rapidly produced one or two well 
defined fragments at low protease:Bcl-2 ratios, even though 
multiple potential cleavage sites were present throughout the 
molecule. The sites cleaved by trypsin and chymotrypsin were 
located within a region of Bcl-2 which is highly variable in 
amino acid sequence between species and between Bcl-2 and 
Bcl-x (shaded residues in Fig. 6). The Bcl-2 variable region is 
also rich in the helix-breaking residue, proline, which varies 
from 20 to 24% in the variable regions of mouse, chicken, and 
human Bcl-2 compared with 3—4% in the conserved regions. 
Interestingly, this region also contains very few aspartate res- 
idues, the cleavage site for interleukin-10-converting enzyme 
family proteases, which may explain why Bcl-2 (1 „ 203) was not 
susceptible to proteolysis by the Jurkat cell extracts. 

The exquisite sensitivity of the Bcl-2 variable region to pro- 
teolysis is readily understood from the Bcl-x L NMR and x-ray 
results (15), assuming that Bcl-2 and Bcl-x L have similar struc- 
tures. Both NMR and x-ray analyses indicate that the Bcl-x L 
variable region is highly mobile, flexible, and exposed to sol- 
vent. The conserved regions, on the other hand, are rigid, 
compact, and mostly inaccessible to solvent. It is therefore not 
surprising that the variable region exhibits a high preferential 
susceptibility to proteolytic attack. In Bcl-x L , the two portions 
of the molecule which are joined by the variable loop form a 
globular structure consisting of seven interacting a-helices 
with the helix in the NH 2 -terminal portion (BH4), making 
extensive hydrophobic contacts with helices in the COOH-ter- 
minal region (15). Our observation that the cleaved Bcl-2 mol- 
ecule behaves as it were the undigested, monomeric protein in 
nondenaturing solution demonstrates that the two halves of 
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Fig. 5. Digested BcMS^aoa, behaves 
as monomeric protein in n on dena- 
turing solution. Panel A, Bc]-2 U _ 203) (0.5 
mg) was digested 15 min at 37 °C with a 
1:1,600 weight ratio of trypsin to Bcl-2, 
and the reaction was terminated with 
soybean trypsin inhibitor. After sitting 
overnight at 4 °C, the sample was frac- 
tionated by size exclusion chromatogra- 
phy on a 10/30 Superdex 75 column in 
BBS. Two fractions, fraction A corre- 
sponding to highly aggregated material 
and fraction B corresponding to mono- 
meric Bcl-2 U _ 203)> were collected and con- 
centrated. Panel B, SDS-PAGE analysis 
of undigested Bcl-2, ,_ 203) (lane i), di- 
gested Bcl-2,, _ 203) prior to fractionation 
(lane 2), peak A (lane 3), and peak B (lane 
4). Peak A probably consisted of small 
peptides that aggregated on standing but 
dissociated in SDS and ran off the gel. 
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Fig. 6. Amino acid sequence of murine Bcl-2 (1 _ 203) . Underlined 
areas represent experimentally determined NH 2 -terminal sequences 
from Bcl-2 (1 _ 203> protein or from tryptic fragments isolated by SDS- 
PAGE. Arrows indicate chymotrypsin (Chymo) and trypsin (Tryp) sites 
based on NH 2 -terminal sequences of the fragments. Homology domains 
BH1-BH4 (from Ref. 13) are boxed, and the variable region is shaded. 

the Bcl-2 molecule associate with high affinity, as might be 
expected from the x-ray structure of Bcl-x L . Thus, the biochem- 
ical analysis of Bcl-2 (1 _ 203) indicates that it most likely has the 
same general structure as Bcl-x L . 

A long variable region has been preserved in Bcl-2 and Bcl-x 
of all species, suggesting that it has an important function. 
However, in transfection experiments, this region is not re- 
quired for anti-apoptotic activity (7, 15). One possibility is that 
the variable region may serve as a site for proteolytic attack or 
other modification in vivo, to control Bcl-2 function or turnover. 
We were unable to detect degradation of Bcl-2 (1 _ 203) by inter- 
leukin-l/3-converting enzyme family proteases, but other pro- 
teolytic activities would be expected to cleave Bcl-2 rapidly. 
Cleaved Bcl-2 could lose its ability to neutralize death-promot- 
ing members of the Bcl-2 family, thus leading to apoptosis. 
Another possible function of the variable region might be to 
serve as a long, flexible linker that would allow the BH4 region 
of one molecule to interact with either another Bcl-2 molecule 
or with other Bcl-2 family members, even when Bcl-2 family 
members were present at low densities. For this to happen, 
however, the stable association between BH4 and the COOH- 
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terminal region within a molecule would have to be disrupted. 
Regulation of the internal association between these regions, 
perhaps by post-translational modification, might therefore be 
an important aspect of Bcl-2 structure and function. 

Acknowledgments — We thank Drs. Pierre Henkart and John Ashwell 
for thoughtful suggestions concerning the manuscript. We are also 
grateful to Dr. Jeff Huth for providing the mouse Bcl-2 clone, Dr. 
Ming-Lei Wu for the Jurkat cell extract, Pat Spinella for determining 
the NH 2 -terminal sequences, and David Millar for the analytical ultra- 
centrifugation analysis. 

Note Added in Proof— A recent paper by Strack et al. (Strack, P. R., 
Frey, M. W., Rizzo, C. J., Cordova, B., George, H. J., Meade, R., Ho, S. 
P., Corman f J., Tritch, R., and Korant, B. D. (1996) Proc. Natl. Acad. 
Sci. U. S. A. 93, 9571-9576) demonstrated that Bcl-2 is cleaved by HIV 
protease subsequent to apoptosis. 
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Single-step trypsin cleavage of a fusion protein 
to obtain human insulin and its C peptide 
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The kinetics for trypsin cleavage of different fusion proteins, consisting of human proinsulin and two 
IgG-binding domains (ZZ), were investigated. To achieve simultaneous removal of the fusion tag and 
processing of proinsulin to insulin and free C peptide, three versions of the ZZ-proinsulin fusion protein 
were generated, having different trypsin-sensitive cleavage sites, Arg, Lys-Arg or Lys. The ZZ-proinsulin 
fusion proteins which accumulated as inclusion bodies in Escherichia coli cells were solubilized, refolded 
and purified by IgG affinity chromatography. The yield of ZZ-proinsulin monomers exceeded 90%. The 
kinetics for the trypsin cleavage revealed unexpected differences when comparing the three linkers and 
it was found that the single arginine linker was most efficiently processed. Characterization of the cleav- 
age products by reverse-phase chromatography, mass spectrometry and N-terminal sequencing verified 
that human insulin and C peptide were generated. The results demonstrate that high yields of native 
insulin, C peptide and affinity tag can be achieved by simultaneous cleavage of a fusion protein at three 
different trypsin-sensitive sites in a single step. The implications for production and recovery of various 
recombinant proteins are discussed. 

Keywords: fusion protein; proinsulin; staphylococcal protein A; affinity chromatography; refolding. 



When setting up a scheme for a recombinant protein produc- 
tion, genetic design of the gene product can be utilized to dra- 
matically simplify the recovery. The strategy of splicing the 
target gene to a gene encoding a fusion partner, 'tag', with affin- 
ity for a certain ligand, has been used extensively for more than 
a decade to enable affinity purification of recombinant products 
(Uhlen et al., 1983, 1992; Nygren et al., 1994). However, gene 
fusion technology employed to engineer proteins to facilitate the 
downstream processing has not been widely used for the produc- 
tion of recombinant proteins on an industrial scale (Nygren et 
al., 1994). The main reason for this is probably due to the fact 
that gene fusion strategies introduce an additional problem into 
the downstream processing, since a site-specific cleavage is re- 
quired to remove the fusion tag. A vast number of cleavage 
methods, both chemical and enzymic, have been investigated for 
this purpose (Nygren et al., 1994). Chemical cleavage methods 
have generally a rather low specificity and the relatively harsh 
cleavage conditions can cause chemical modifications of the re- 
leased products (Nygren et al., 1994). Some of the enzymic 
methods offer significantly higher cleavage specificities together 
with high efficiency,- e.g. H64A subtilisin, IgA protease and 
factor Xa (Uhlen et al., 1992; Nygren et al., 1994), but these 
enzymes have the drawback of being quite expensive. Trypsin, 
which cleaves C-terminally of basic amino acid residues, has 
been used for a long time to cleave fusion proteins (Kemmlcr et 
al., 1971 ; Wang et al., 1989). Despite expected low specificity, 
trypsin has been shown to be useful for specific cleavage of 
fusion proteins, leaving basic residues within folded protein do- 
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mains uncleaved (Wang et al., 1989). Trypsin has the additional 
advantages of being inexpensive and readily available. 

In the human pancreas, insulin is produced as its precursor 
proinsulin. For recombinant insulin production in Escherichia 
colt or yeast, proinsulin has been utilized as a precursor mole- 
cule (Frank et al., 1981; Williams et al., 1982; Cousens et al., 
1987). Proinsulin consists of a B chain which has its carboxyl 
terminus linked to the A chain by a connecting C peptide. Re- 
newed interest in proinsulin production is partly due to the fact 
that several studies indicate that the C peptide also has a clinical 
relevance (Johansson et al., 1992, 1993). In patients with type-1 
diabetes, who lack endogenous C peptide, administration of the 
peptide improves renal function, stimulates muscle and glucose 
utilization and improves blood-retinal barrier function (Johans- 
son et al., 1992, 1993). Novel insulin processes should thus pref- 
erably enable recovery also of the C peptide. 

Proinsulin has been processed to native insulin, composed 
of cysteine-bridged A and B chains, and free C peptide by treat- 
ment with trypsin and carboxy peptidase B (Kemmler el al., 
1971 ; Frank et al., 1981 ; Cousens et al., 1987). Carboxypepti- 
dase B digests the carboxylterminal basic residues (Kemmler et 
al., 1971) resulting from trypsin cleavage. Fusions of different 
extensions to proinsulin have proven to be advantageous for pro- 
duction in E. coli both in terms of expression levels (Guo et al., 
1984; Kang and Yoon, 1991, 1994) and to confer stability to 
proteolysis (Shen, 1984 ; Murby et al., 1991; Kang and Yoon, 
1994). However, the fusion tail strategy has, as mentioned 
above, introduced an additional unit operation since the fusion 
partners need to be cleaved off enzymically or chemically to 
release proinsulin (Shen, 1984). 

Here, we have investigated the production of proinsulin as a 
fusion to the IgG-binding domains (ZZ) derived from staphylo- 
coccal protein A (Nilsson et al., 1987). Three variants of ZZ- 
proinsulin were constructed, having different trypsin cleavage 
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sites engineered at the junction between ZZ and proinsulin. Hie 
cleavage kinetics for these three variants have been evaluated in 
order to develop an integrated scheme for the processing of the 
ZZ-proinsulin fusion to enable recovery of native insulin and its 
C peptide. 



MATERIALS AND METHODS 

Bacterial strains and plasmids. E. coli RRLJM15 (Riither, 
1982) cells were used as host for subcloning and gene expres- 
sion. Plasmids pUC19 (Yanisch-Perron et al., 1985) and pTrpBB 
(Oberg et al., 1994) were used as vectors for subcloning. Plas- 
mid pEZZ318 (Lowenadler et al., 1987) was used as a source 
for the ZZ fragment, plasmid pKK223-3 (Pharmacia Biotech) as 
source for the E. coli ribosomal terminator rrnB (Brosius and 
Holy, 1984) and pRIT37 (Murby et al, 1991) as source for the 
human proinsulin gene. 

DNA constructions. Restriction enzymes, T4 DNA ligase 
and Taq DNA polymerase were purchased from Boehringer 
Mannheim and used as recommended. The oligonucleotides 
used were synthesized on a Gene Assembler Plus (Pharmacia 
Biotech). PCR was performed according to a standard protocol 
(Hultman et al., 1989). Solid-phase DNA sequencing was per- 
formed as described by Hultman and coworkers (1989) using 
an automated laser fluorescence (A. L. F.™) system (Pharmacia 
Biotech). A vector for intracellular expression of ZZ fusion pro- 
teins (Nilsson et al., 1987) was constructed by insertion of an 
Fsp\— EcoKl restriction fragment from pEZZ3l8, containing the 
ZZ-encoding gene fragment, into pTrpBB previously digested 
with the same enzymes, resulting in pTrpZZ. A transcription 
terminator sequence was obtained from pKK223-3 using a stan- 
dard PCR amplification protocol (Hultman et al., 1989) and the 
oligonucleotides HEAN-19, 5'-CCC CCT GCA GCT CGA 
GCG CCT TTA ACC TGT TTT GGC GGA TG-3' and HEAN- 
20, 5'-CCC CAA GCT TAG AGT TTG TAG AAA CGC-3'. 
The restriction sites introduced by PCR were digested with PstI 
and //indlll, followed by insertion into pTrpZZ, previously di- 
gested with the same enzymes. The resulting expression vector 
pTrpZZT!T2 encodes an affinity handle consisting of a trp op- 
eron-derived leader sequence (eight amino acids), the six amino- 
terminal amino acids from the E domain of staphylococcal pro- 
tein A, a cloning rest sequence (five amino acids) followed by 
the 116-residue IgG-binding ZZ domains, under control of the 
E. coli trp promoter. In addition, the plasmid carries the gene 
for kanamycin resistance. The oligonucleotide primers used for 
the three different PCR amplifications of the proinsulin gene 
from pR!T37 were JOPE-1, 5'-TTG AAT TCA GCA CGT TTT 
GTA AAC CAA CAC CTG TGC GGC-3', JOPE-2, 5'-TTG 
AAT TCA GCA AAA CGT TTT GTA AAC CAA CAC CTG 
TGC GGC-3'and JOPE-3, 5'-TTG AAT TCA GCA AAA TTT 
GTA AAC CAA CAC CTG TGC GGC-3' as the three different 
upstream primers, all annealing with the first 24 bases of the 
proinsulin gene, and JOPE-4, 5'-CC GGA TCC TTA GTT GCA 
GTA GTT CTC CAG CTG G-3' as downstream primer, anneal- 
ing with the last 25 bases of the proinsulin gene. The first three 
primers were used to introduce an upstream EcoRl site and co- 
dons for arginine, lysine-arginine or lysine residues, respective- 
ly, at the 5' end of the proinsulin gene. The downstream primer 
(JOPE-4) was designed to introduce a downstream BamHl re- 
striction site. The PCR fragments encoding R-proinsulin, KR- 
proinsulin and K-proinsulin, were digested with EcoRl and 
BarnW restriction enzymes, ligated into similarly digested 
pUC19, and thereafter sequenced. Verified proinsulin constructs 
were digested with EcoRl and Sail and inserted into the simi- 
larly restricted expression vector pTrpZZT!T2, resulting in 



pTrpZZ-R-proinsulin, pTrpZZ-KR -proinsulin and pTrpZZ-K- 
proinsulin. These plasmids encodes fusion proteins consisting of 
the IgG-binding ZZ affinity handle fused to human proinsulin 
with arginine, lysine-arginine or lysine residues, respectively, be- 
tween ZZ and the proinsulin gene. 

Cultivation and recovery of inclusion bodies. E. coli cells 
harbouring pTrpZZ-R-proinsulin, pTrpZZ-KR- proinsulin and 
pTrpZZ- K-proinsulin were grown overnight at 37 °C in shake- 
flasks containing 20 ml Tryptic Soy Broth (30 g/I, Difco) supple- 
mented with yeast extract (5 g/1, Difco) and kanamycin mono- 
sulfate (50 mg/1). The overnight cultures were diluted 25-fold to 
500 ml in baffled shake- flasks having the same type of media 
and grown at 37 °C. Gene expression was induced at mid-log 
phase (^eoo^^l) by the addition of 2-indoIe acrylic acid to 
25 jag/ml. Cells were harvested 4 hours after induction, by cen- 
trifugation at approximately 6000 g for 10 min. Cells were re- 
suspended in 5% of the culture volume in 50 mM Tris/HCl, 
pH 8.0, 200 mM NaCl, 0.05% Tween 20, 1 mM EDTA (buffer 
A), lysed by sonication and centrifuged at approximately 7500 g. 
The pellets, containing inclusion bodies, were washed twice with 
5% of the culture volume in 50 mM Tris/HCl, pH 8.0, supple- 
mented with 5 mM MgS0 4 . 

Solubilization, refolding and protein purification. The in- 
clusion bodies, containing ZZ-R- proinsulin, ZZ-KR-proinsulin 
and ZZ-K-proinsulin were solubilized and converted to their 
hexasulfonate derivatives by sulfitolysis (Cole, 1967), essen- 
tially as described by Frank and coworkers (1981), by adding 
10% of the culture volume of a solution containing 8M urea, 
0.8 M Na 2 S0 3 and 0.3 M Na 2 S 4 O fi ■ 2 H 2 0 (Cousens et al., 
1987). The pH was adjusted to 7.5 with HAc and the mixtures 
incubated under gentle stirring for 6 hours at 37 °C. After dilu- 
tion 1:1,5 with water and subsequent centrifugation at 30000 g 
for 20 min, the supernatants were dialysed three times (Spectra/ 
Por 1 membrane, MWCO 6-8000, Spectrum Medical Industries 
Inc.) against 10 culture volumes of 10 mM Tris/HCl, pH 8. Dia- 
lysed protein solution was supplemented with 1 M glycine/ 
NaOH, pH 10.5, to a final concentration of 0.1 M glycine/ 
NaOH. In addition, 2-mercaptoethanol was added (^18 mol/mol 
fusion protein; Frank et ah, 1981). This mixture was incubated 
overnight under gentle stirring at 4°C, at ZZ-proinsulin hexasul- 
fonate concentrations of approximately 0.1 mg/ml. After pH ad- 
justment to 8 with HAc, a 1:2 dilution with water and centrifu- 
gation at 30000 g for 20 min, the supernatants containing re- 
folded fusion proteins were applied to columns containing 5 ml 
IgG-Sepharose (Pharmacia Biotech) and purified according to a 
standard procedure (Stahl et al., 1989). Eluted proteins in 0.5 M 
HAc, pH 3.2, were lyophilized. The fusion proteins were dis- 
solved in 5 ml 2 M guanidine hydrochloride, pH 8, and sepa- 
rated by size-exclusion chromatography on a 16/60 XK column 
(Pharmacia Biotech) containing 1 20 ml Superdex 75 prep grade 
(Pharmacia Biotech). The buffer used was 200 mM ammonium 
acetate, pH 8.0, containing 15% (by vol.) acetonitrile. The flow 
rate was 1 ml/min and the absoTbance was measured at 280 nm. 
The fusion protein monomers were collected and lyophilized. 

Cleavage of the proinsulin fusion proteins. The different 
lyophilized monomelic ZZ-proinsulin fusion proteins were dis- 
solved in 100 mM Tris/H 3 P0 4 , pH 7.5, containing 0.1% (by 
vol.) Tween 20 to protein concentrations of 2 mg/ml. Trypsin 
(sequencing grade, Boehringer Mannheim) and carboxypepti- 
dase B (Boehringer Mannheim) were added to trypsin/fusion 
protein ratios of 1 :2000 (by mass) and carboxy peptidase B/fu- 
sion protein ratios of 1 : 1000 (by mass). After 5, 15 and 30 min, 
samples were removed from the cleavage mixtures and the di- 
gestions stopped by decreasing the pH to 3 by adding HAc. A 
sample after 60 min, from the cleavage of the ZZ-K-proinsulin, 
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was also taken. Acetonitrile to 20% (by vol.) was added in order 
to stabilize the cleavage products. 

Protein analyses. SDS/PAGE was performed on a homo- 
geneous 12% gel (BioRad Inc.) and Coomassie brilliant blue 
R-350 (Pharmacia Biotech) was used for staining. The homo- 
geneity of the IgG-afYinity purified proinsuJin fusion proteins 
was analyzed by size-exclusion chromatography on a Superdex 
75 PC 3.2/10 column (Pharmacia Biotech) using the SMART™ 
system (Pharmacia Biotech). The buffer was 200 mM sodium 
phosphate, pH 7.2, containing 15% (by vol.) acetonitrile. The 
flow rate used was 100 ul/min and the absorbance was measured 
at 214 nm. Samples were taken from the cleavage mixtures and 
analyzed by size-exclusion chromatography in the same way as 
described above. Cleavage products after complete digestion (R 
30 min, ICR 30 min and K 60 rnin) were analyzed by reverse- 
phase chromatography on a uRPC C2/C18 SC 2.1/10 column 
using the SMART™ system. Eiution was performed using a gra- 
dient of 31-36% acetonitrile containing 0.1% (by vol.) tri- 
fluoroacetic acid for 12 min at 25 °C. The flow rate was 100 pi/ 
min and the absorbance was measured at 214 nm. To determine 
the IgG-binding components in the cleavage mixtures, IgG- 
Sepharose was added and incubated for 2 min with gentle mix- 
ing. The IgG-Sepharose was removed by centrifugation and the 
supernatant was analyzed by RPC on the SMART™ system as 
described above. Internal standards, human insulin (Hoechst 
AG, Germany) and C peptide fragment 3-33 (Sigma), were 
used both in the size-exclusion chromatography and the RPC 
analyses. Proteins for N-terminal sequencing and mass deter- 
minations were isolated by RPC as described above. N-terminal 
sequencing was performed on a HP-G1000A (Hewlett Packard) 
sequencer and protein mass determinations were carried out 
using a JEOL SX102 mass spectrometer (JEOL) equipped with 
an electrospray unit. 

Protein quantification. To calculate the absorption coeffi- 
cient, IgG-affinity-purified monomelic ZZ-KR-proinsulin fusion 
protein was lyophilized and the mass determined on an analyti- 
cal balance. The lyophilized proinsulin fusion protein was dis- 
solved in 0.5 M HAc, pH 3.2, and the absorbance at 280 nm was 
measured. The calculated absorption coefficient (0.34 cmVmg) 
was used for spectrophotornetrical concentration determinations 
of proinsulin fusion proteins in solution. Quantification of proin- 
sulin fusion proteins in whole cell iysates, in lyophilized mate- 
rial and in insoluble material was performed by SDS/PAGE 
analysis on the PhastSystem™ (Pharmacia Biotech) using 8- 
25% polyacrylamide gradient gels and comparison to weighed 
ZZ-KR-proinsulin fusion protein samples. 



RESULTS 

Design of fusion proteins. Three different expression vectors 
were constructed encoding the fusion proteins ZZ-R-proinsulin, 
ZZ-KR-proinsulin and ZZ-K-proinsuIin. The junctions between 
ZZ and proinsulin were engineered to contain single or double 
basic amino acids (Fig. 1) to potentially allow trypsin cleavage 
at a rate similar to the processing of proinsulin to insulin and C 
peptide; the removal of the fusion tag should then be integrated 
into the proinsulin processing step. AH three fusion proteins 
have a theoretical molecular mass of 25 kDa and consist of the 
two synthetic ZZ domains derived from staphylococcal protein 
A (Nilsson et al., 1987) and human proinsulin (Fig. 1). The ZZ 
fusion tail was selected as fusion partner because, (a) ZZ-fusions 
can be produced at high expression levels in E. coli (Hansson et 
al., 1994; Moks et a!., 1987), (b) ZZ fusions allow efficient re- 
covery by IgG-affinity chromatography (Moks et al., 1987) also 
after solubilization of inclusion bodies (Murby et al., 1994), and 
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Fig. 1. Schematic presentation of the three variants of the ZZ-proin- 
sulin fusion proteins. Three different trypsin-sensitive cleavage linkers, 
Arg, Lys-Arg or Lys, were engineered between the ZZ fusion partner 
and proinsulin. The trypsin-sensitive processing sites flanking the C pep- 
tide of proinsulin are also indicated. Arrows indicate expected tr\psin- 
cleavage sites. 




Fig. 2. Analyses of ZZ-R-proinsulin. Reduced SDS/PAGE analysis of 
a ZZ-R-proinsulin cultivation. Lane 1, total cell protein from an £. coli 
cultivation harbouring the construct encoding ZZ-R-proinsulin. Lane 2, 
ZZ-R-proinsulin after a single-step affinity purification on IgG-Sepha- 
rose. Lane M, marker proteins with molecular masses (in kilodaltons) 
indicated on the left. Coomassie brilliant blue was used for staining. 



(c) the solubilizing properties of ZZ have earlier been shown to 
facilitate the in vitro product refolding at high protein concentra- 
tions (Samuelsson et al., 1994). Furthermore, ZZ contains no 
cysteine residues that could cause formation of unwanted disul- 
fide bridges and the acidic properties of ZZ have earlier demon- 
strated to be useful for recovery by ion-exchange chromatogra- 
phy (Hansson et al., 1994). 

Protein production. The three different fusion proteins. ZZ-R- 
proinsulin, ZZ-KR-proinsulin and ZZ-K-proinsulin (Fig. 1) were 
expressed intracellularly in E. coli and were found to accumulate 
as inclusion bodies. SDS/PAGE analysis of total cell Iysates in- 
dicated that the ZZ-proinsulin fusions constituted major products 
of the total cell proteins (Fig. 2, lane 1 ; data not shown). After 
cell disruption, the inclusion bodies containing the ZZ-proinsu- 
lin fusions were washed. The expression levels were similar for 
the shake-flask cultivations of the three variants of ZZ-proinsu- 
lin, being approximately 200 mg/1 culture as determined by 
SDS/PAGE analysis (data not shown). 

Solubilization, refolding and affinity purification. The ZZ- 
proinsulin fusion proteins were solubilized and subjected to oxi- 
dative sulfitolysis (Cole, 1967; Frank et al., 1981 ; Cousens et 
al., 1987). Since the ZZ fusion partner contains no cysteine resi- 
dues, only the proinsulin will be sulfonated. Renaturation of the 
ZZ-proinsulin hexasulfonate derivatives was performed at an ap- 
proximate protein concentration of 0.1 mg/ml. The renatured 
ZZ-proinsulin material was affinity purified on IgG-Sepharose 
(Moks et al., 1987; Stahl et al., 1989); SDS/PAGE analysis de- 
monstrated electrophoretically pure material without degradation 
products (Fig. 2, lane 2). To determine the amount of multirneric 
forms of ZZ-proinsulin, a sample of the lgG-affinity purified 
material was analyzed by size-exclusion chromatography (data 
not shown). Integration of the peak areas on the chromatogram 
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Fig 3. Kinetic analysis of the trypsin cleavage of the three variants of ZZ-proinsulio. Size-exclusion chromatography analysis of trypsin/ 
carboxypept.dase B digestion of (A) ZZ-R-proinsulin. (B) ZZ-KR-proinsulin and (C) ZZ-K-proinsulin. The three ZZ-proinsulin variants were 
digested for 0 (top curve), 5, 15 and 30 min (bottom curve). The sizes of peaks I and II were found to correspond to the sizes of ZZ and human 
insulin, respectively. Note, that the C peptide is too small for the separation range. 



indicated that approximately 90% of ZZ-proinsulin was recov- 
ered in the monomeric form. Again, the results were the same 
for all three ZZ-proinsulin fusions (data not shown). 

Trypsin cleavage of the fusion proteins and analysis of the 
cleavage mixtures. An evaluation of the cleavage kinetics of 
the three different trypsin cleavage linkers in ZZ-proinsulin was 
performed. Monomeric fractions of the three fusion proteins, 



ZZ-R-proinsulin, ZZ-KR-proinsulin and ZZ-K-proinsulin, were 
subjected to trypsin/carboxypeptidase B treatment for 5, 15 and 
30 min, respectively, and the cleavage material was analyzed by 
size-exclusion chromatography (Fig. 3). Uncleaved ZZ-proinsu- 
lin could easily be separated from ZZ (Fig. 3, peak I) and insulin 
(Fig. 3, peak II). The /inker showing the fastest cleavage kinetics 
was the arginine linker which was completely cleaved after 
15 min ^(Fig. 3 A). The lysine-arginine linker was cleaved 
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Fig. 4. Characterization of cleavage products from the cleaved ZZ- 
proinsulin variants. Reverse-phase chromatography analysis of ZZ-R- 
proinsulin (top curve), ZZ-I<yR-proinsiiIin (middle curve) and ZZ-K-pro- 
insulin (bottom curve), digested with trypsin and carboxypeptidase B 
for 30 min (ZZ-R-proinsulin and ZZ-KR-proinsulin) or 60 min (ZZ-K- 
proinsulin). 

slightly slower but was completely processed after 30 min 
(Fig. 3B). The lysine linker demonstrated the slowest cleavage 
kinetics and was not completely cleaved after 30 min (Fig. 3 C). 

In order to identify the products after trypsin/carboxypepti- 
dase B cleavage of the ZZ-proinsulin variants* reverse-phase 
chromathography separations were performed. The two fusions, 
ZZ-R-proinsulin and ZZ-KR-proinsulin, were cleaved for 
30 min, and ZZ-K-proinsulin was cleaved for 60 min prior to 
reverse-phase chromatography analysis (Fig. 4). Human insulin 
and C peptide internal standards showed that peaks II and III 
corresponded to human insulin and C peptide, respectively (data 
not shown). Peaks II — IV were also collected and further ana- 
lyzed by amino-tenninal sequencing and mass spectrometry (Ta- 
ble 1). The indications from the reverse-phase chromatography 
analysis for peaks II and III were corroborated by these analyses, 
giving molecular masses and amino-terminal amino acids corre- 
sponding to the expected results (Table 1). Peak IV, collected 
after cleavage and reverse-phase chromatography of ZZ-KR- 
proinsulin, was found to be insulin carrying an amino-terminal 
arginine residue on the B chain (Table 1). This demonstrates that 
the lysine-arginine linker found in ZZ-KR-proinsulin was, to a 
large extent, processed by trypsin between the lysine and argi- 
nine residues, thus leaving the amino-terminal arginine residue 
on the B chain. 

In order to identify the IgG binding portion ZZ in the cleav- 
age mixture, cleaved ZZ-KR-proinsulin was incubated with IgG- 
Sepharose. The supernatant was analyzed by reverse-phase chro- 
matography and compared with a sample not treated with IgG- 



Table 1. Characterization of cleavage products resulting from tryp- 
sin/carboxy peptidase B digestion. X, unspecified amino acid. The ex- 
perimental molecular mass was determined by electrospray mass <pec- 
trometry. Peak IV was collected from the cleavage of ZZ-KR-proinsulin. 
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Sepharose (data not shown). This comparison verified that 
peak I in the cleavage mixtures corresponded to ZZ, since this 
peak disappeared after IgG treatment (data not shown). Further- 
more, these results showed that the fusion partner is resistant to 
the trypsin cleavage, despite the presence of internal dibasic 
amino acids. This analysis thus suggests that a passage of a com- 
pletely processed cleavage mixture over an IgG- Sepharose col- 
umn would yield pure human insulin and C peptide. 

DISCUSSION 

Three different trypsin-sensitive sites, introduced between 
ZZ arid proinsulin, were investigated with respect to their cleav- 
age efficiency, through the production of ZZ-R-proinsulin. ZZ- 
KR-proinsulin and ZZ-K-proinsulin. All three variants were 
found to be expressed at high levels and, after solubilization 
from inclusion bodies and subsequent renaturation, could be effi- 
ciently purified using affinity chromatography. No proteolytic 
degradation of the ZZ- proinsulin fusions could be detected. 
Upon treatment with trypsin and carboxypeptidase B, ZZ-R-pro- 
insulin containing the single arginine residue linker was com- 
pletely cleaved after 15 min, resulting in released human insulin 
and C peptide. The trypsin digestion was demonstrated to be 
unexpectedly specific, cleaving only at the junctions between 
ZZ and proinsulin and at the trypsin-sensitive sites flanking the 
C peptide. Basic and dibasic amino acid residues within the pro- 
insulin and the ZZ tag, were not found to be accessible for tryp- 
sin after the refolding procedure. Trypsin, which is used exten- 
sively for trypsin digests of denatured proteins, can thus be used 
for highly specific cleavage of fusion proteins after renaturation 
of the expressed recombinant gene products. Since the affinity 
tag was resistant to trypsin cleavage, it could be efficiently re- 
moved by affinity chromatography. 

These results suggest that an integrated large-scale process 
could be designed from this laboratory- scale set up. Such a pro- 
cess would include the following unit operations: fermentation; 
cell disruption and harvest of inclusion bodies; solubilization 
and renaturation; IgG-affinity chromatography; enzymic pro- 
cessing; IgG affinity chromatography to remove the affinity lag 
or, alternatively, preparative reverse-phase chromatography All 
individual steps are straightforward with documented high 
yields, suggesting a good overall yield for such a process. Intra- 
cellular production of inclusion bodies is an attractive alternative 
due to recent advances in industrial-scale in vitro renaturation of 
recombinant proteins from intracellular precipitates (Rudolph, 
1995). Alternatively, it may be possible to utilize recently de- 
scribed expanded bed technology (Hansson et al., 1994) to ob- 
tain an even more condensed downstream processing scheme. 

In conclusion, the described results demonstrate that trypsin 
cleavage can be used for efficient and specific cleavage of fusion 
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proteins. The use of a trypsin-resistant affinity tag in combina- 
tion with an efficient renaturation scheme gives high yields of 
both native human insulin and its C peptide. 
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ABSTRACT All of the DNA cleavage and strand transfer 
events required for transposition of insertion sequence IS JO 
are carried out by a 46-kDa ISiO-encoded transposase pro- 
tein. Limited proteolysis demonstrates that transposase has 
two principal structural domains, a 28-kDa N -terminal do- 
main (Na0; aa 1-246) and a 17-kDa C- terminal domain (C; 
aa 256-402). The two domains are connected by a 1-kDa 
proteoly tic-sensitive linker region (aa 247-255). The N- 
terminal domain Naf0 can be further subdivided into domains 
Nor and N/3 by a weaker protease-sensitive site located 6 kDa 
(53 aa) from the N terminus. The N0 and Na/3 fragments are 
capable of nonspecific DNA binding as determined by South- 
western blot analysis. None of the fragments alone is capable 
of carrying out the first step of transposition, assembly of a 
synaptic complex containing a pair of transposon ends. Re- 
markably, complete transposition activity can be reconsti- 
tuted by mixing fragment NajJ and fragment C, with or 
without the intervening linker region. We infer that the 
structural integrity of transposase during the transitions 
involved in the chemical steps of the transposition reaction is 
maintained independent of the linker, presumably by direct 
contacts between and among the principal domains. Recon- 
stitution of activity in the absence of the linker region is 
puzzling, however, because mutations that block strand trans- 
fer or affect insertion specificity alter linker region residues. 
Additional reconstitution experiments demonstrate that the 
Not region is dispensable for formation of a synaptic complex 
but is required for complexes to undergo cleavage. 



Tni0 is a composite bacterial transposon consisting of a 
tetracycline-resistance determinant flanked by two nearly 
identical ISJ0 insertion elements, designated ISi0-Left and 
IS70-Right (for review, see ref. 1). Only lS70-Right encodes a 
functional JS10 transposase protein. This transposase mediates 
all of the DNA cleavage and strand transfer events required for 
transposition of either Tni0 or IS70. Transposition occurs via 
a nonreplicative mechanism in which the transposon is first 
excised from the donor molecule by a pair of flush double- 
strand breaks made precisely at the ends of the element. The 
free 3 '-hydroxy! groups at the transposon ends are then joined 
to the target at 5 '-phosphates located 9 bp apart on opposite 
strands (2-4). These chemical steps all occur within the context 
of a stable synaptic complex between transposon ends (5). 

IS70 transposase has 402 aa and shares regions of sequence 
similarity with other insertion element transposases of the JS4 
family (6). Organizational information about the protein has 
been obtained primarily from genetic approaches, which have 
defined two regions in IS70 transposase known as Patch I (aa 
102-167) and Patch II (aa 243-264) (7). Patch I and Patch II 
are broadly defined by the positions of mutations that specif- 
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ically block transposition between the excision and strand 
transfer (integration) steps, referred to as SOS + Tnsp" (7). 
Two.mutations that confer altered target specificity also occur 
in these regions, one in Patch I and one in Patch II (8). It has 
been suggested that these two regions of the protein interact 
(9). 

We describe herein a physical investigation of IS70 trans- 
posase structure and function. Limited proteolysis shows that 
transposase protein is organized into two principal domains 
separated by an exposed linker region that corresponds to a 
predicted flexible loop. The N-terminal domain (Na/3) is 
further divisible by more extensive proteolysis into two sub- 
domains (Na and N£). Southwestern blot analysis demon- 
strates that the full N-terminal domain Nap and subdomain 
N/3 are both capable of nonspecific DNA binding. Mixtures of 
purified domains Nap and C catalyze normal transposition 
reactions irrespective of the presence of the linker region. If 
the most N-terminal segment (Na) is missing, however, the 
only activity detected is the assembly of abnormal synaptic 
complexes. 

MATERIALS AND METHODS 

Enzymatic Digestion of Transposase. IS70 transposase (0.8 
mg/ml) was purified as described (10). The purified protein 
solubilized in buffer A (25 mM Tes, pH 7.5/2 mM EDTA/10 
mM dithiothreitol/25 mM Triton X-100/1.5 M NaCl) was 
treated on ice with trypsin (Boehringer) or chymotrypsin 
(Boehringer) at a protein/protease ratio of 500:1 (wt/wt) for 
various times. Proteolysis was stopped with phenylmethylsul- 
fonyi fluoride added to 1 mM. The proteolytic fragments were 
then separated by SDS/PAGE on 12.5% gels and visualized by 
Coomassie blue staining. 

Protein Sequence Analysis. Purified transposase was di- 
gested as above and proteolytic fragments were separated by 
SDS/PAGE on 12.5% gels and electroblotted onto a poly(vi- 
nyldiene difluoride) membrane (Bio-Rad) in 25 mM Tris/190 
mM glycine/20% (vol/vol) methanol. Membranes were then 
stained with 0.2% Ponceau S in 1% acetic acid to visualize 
bands. The desired bands were then excised and the N- 
terminal amino acid sequence was determined by automated 
Edman degradation performed at the Harvard Microchemis- 
try Facility. 

Southwestern Blot DNA Binding Analysis. Purified ISi0 
transposase was digested with trypsin as described above. 
Proteolytic fragments were then separated by SDS/PAGE on 
12.5% gels and electroblotted onto nitrocellulose in 25 mM 
Tris/190 mM glycine. The membrane was then washed once in 
blocking buffer [5% (wt/vol) dry milk/ 10 mM Tris-HCl, pH 
7.5/150 mM NaCl] for 1 h at room temperature and then 
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several times in buffer B (25 mM Tes, pH 7.5 /2 mM EDTA/10 
mM dithiothreitol) for 6 h all at 4°C. The membrane was then 
placed in renaturation buffer [25 mM Tes, pH 7.5/2 mM 
EDTA/10 mM dithiothreitol/2 M NaCl/bovine serum albu- 
min (1 mg/ml)/50% (vol/vol) glycerol] for 2 h. Membranes 
were incubated overnight at room temperature in 20 mM 
TrisHCl, pH 7.5/10 mM dithiothreitol/50 mM KCl/15% 
glycerol with 0.5 nM nonspecific radiolabeled DNA. The 
nonspecific DNA fragment was a 147-bp Msp I fragment cut 
from pBR322 which was labeled by end-filling with avian 
myeloblastosis virus reverse transcriptase (Promega). After 
DNA binding, membranes were washed in several changes of 
buffer B for 4 h at room temperature and visualized by 
autoradiography. 

Peptide Purification. A Ci 8 reversed-phase chromatography 
column (Vydac, Hesperia, CA, 4.6 mm X 25 cm) was used to 
purify tryptic proteolytic fragments generated from two point 
mutants of IS10 transposases (obtained from S. Bolland, this 
laboratory) that are completely catalytically inactive. N- 
terminal proteolytic fragments were purified from a tryptic 
digest of the EA292 mutant and C-terminal proteolytic frag- 
ments were purified from the DA161 mutant. Purified mutant 
transposase was digested with trypsin as above and bound to 
the column equilibrated in 0.1% trifluoroacetic acid. Frag- 
ments were eluted by using a gradient of 0-70% (vol/vol) 
acetonitrile in 0.1% trifluoroacetic acid, over 90 min at a flow 
rate of 1 ml/min. Fractions were collected and assayed for the 
presence of various proteolytic fragments by SDS/PAGE 
followed by silver staining. 

Reconstitution of Activity and Short Linear Fragment As- 
say. Transposition was assayed as described (5) with the 
radiolabeled 136-bp Sal \~Bgl II fragment from pNK1935. This 
fragment contained the 23-bp transposase binding site, an 
adjacent integration host factor (IHF) recognition site, and 
additional flanking sequences (11). Fragments were radiola- 
beled by end-filling with avian myeloblastosis virus reverse 
transcriptase. Both termini of the fragment were labeled, but 
the end containing the flanking DNA was labeled «*1.4 times 
more efficiently than the other end. 

For reconstitution experiments, proteolytic fragments were 
mixed and incubated on ice for 30 min. The mixture was then 
used in the same manner as purified transposase. Protein 
concentrations for reconstitution reactions were approxi- 
mately the same as those performed with whole transposase. 
Strand transfer was assayed with a supercoiled target plasmid 
as described (5). 

N-terminal 
Sequence 



MCELD 
54 

TKHNI 



1 

MCELD 
54 

TKHNI 
247 

THCHH +(STRTH) 



RESULTS 

Trypsin Digestion Products. The domain structure of the 
46-kDa transposase was investigated by limited proteolysis of 
the purified protein. A time course of trypsin digestion is 
shown in Fig. 1. At early time points (<30 min), digestion yields 
five major proteolytic products with masses of 40, 29, 28, 18, 
and 17 kDa. At intermediate time points (30-60 min), a 
22-kDa species appears with traces of a 23-kDa species. At late 
time points (>120 min), the larger species progressively dis- 
appear and most of the protein is present in the 17-kDa species 
and in a group of species of «=21 kDa. 

Five of the major products were mapped within the trans- 
posase protein. The first five N-terminal residues from each of 
the fragments were determined by automated Edman degra- 
dation (Fig. 1). The 28-kDa fragment produced by trypsin 
digestion (T28) contains the N terminus of the protein; T40 
and T22 both begin at residue 54; T18 and T17 begin at 
residues 247 and 256, respectively. T18 also contains a minor 
contaminant (^10%) whose N terminus is 3 residues away at 
position 244. All of these sites occur after Lys or Arg residues, 
as expected from the digestion specificity of trypsin. 

From these data and the relative mobilities of the proteolytic 
fragments in SDS/PAGE, the five major tryptic digestion 
products can be deduced to have arisen as follows: Single 
cleavages at two nearby positions, residues 246 and 255, yield 
two complementary pairs of products. A single cleavage after 
residue 246 yields T28 (aa 1-246) and T18 (aa 247-402); a 
single cleavage after residue 255 yields T17 (aa 256-402) and, 
as deduced from its molecular weight, T29 (aa 1-255). Cleav- 
age at residue 246 appears to be faster than at residue 255, 
since the abundance of the T28/T18 pair is greater than the 
T29/T17 pair at early times in the digestion. A single cleavage 
after residue 53 produces T40 (aa 54-402). This same cleavage 
in combination with cleavages at either position 246 or 255 
yields T22 (aa 54-246) and T23 (aa 54-255), respectively. 

Inferred Domain Structure of Transposase. The observed 
array of tryptic digest products shows that transposase is 
organized into two principal domains, a 28-kDa N-terminal 
portion (Nap) and a 17-kDa C-terminal portion (C), which are 
connected by a protease-sensitive linker region of *^9 residues. 
The N-terminal domain is further divisible into a proximal 
segment of 6 kDa (Not) and the remainder (N/3; 22 kDa). 

This interpretation is further supported by analysis with 
other proteases. Digestion of transposase by chymotrypsin 
yields an array of digestion products very similar to that 
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Fig. 1. Limited proteolysis of IS10 transposase and the N-terminal sequences of fragments. At various times, proteolysis with trypsin or 
cnymotrypsin was stopped and reaction products were analyzed by SDS/PAGE and Coomassie blue staining. The N-terminal amino acids of five 
major fragments generated by tryptic digestion were determined. The regions of the transposase molecule from which each fragment was derived 
were found by alignment with the gene sequence of IS10 transposase, and this information was used to determine the domain structure The primary 
sequence of T18 was found to have a minor contaminant (~10%) that was offset by 3 aa. 
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obtained with trypsin (Fig. 1). At early stages of digestion, two 
major species are present that correspond to T29 and T17. 
These products probably result from cleavage near residue 255. 
Digestion with elastase, V8 protease, and proteinase K also 
identifies protease-sensitive site(s) within or very close to the 
proposed linker region (data not shown). 

The linker region probably extends from residues 233 to 255 
with the greatest proteolytic sensitivity at residues 244-255. 
Tryptic cleavages have been detected after residues 243, 246, 
and 255, which are all of the predicted preferred cleavage 
positions within this 11 -aa segment (aa 244-255). In addition, 
Chou-Fasman analysis of secondary structure for this area of 
transposase predicts the presence of a turn extending over the 
larger segment (aa 233-255). In this larger region, there are 
five other closely spaced preferred tryptic cleavage sites; 
cleavage at these positions could account for the further 
degradation of T22 at late times (Fig. 1). 

The N-Terminal Domain Exhibits Nonspecific DNA Bind- 
ing. The ability of individual domains of transposase to bind 
DNA was assayed by Southwestern blot analysis with a non- 
specific DNA fragment of 147 bp from pBR322 as probe (Fig. 
2). A mixture of proteolytic fragments, generated by limited 
trypsin digestion, was separated by SDS/PAGE and trans- 
ferred to a nitrocellulose membrane. After treatment with a 
solution of blocking reagent to prevent binding of the probe to 
the charged membrane, transposase was given the opportunity 
to renature by incubation under conditions known to allow full 
recovery of activity of the undigested protein in solution after 
SDS treatment. Whole transposase, T40, T28, and T22 bind the 
nonspecific DNA probe under these conditions, but not if the 
renaturation incubation is short or omitted. In all cases, 
binding decreases uniformly as salt concentration is increased 
from 0 to 100 mM KC1 (data not shown). The two C-terminal 
fragments T17 and T18 exhibited no detectable binding (Fig. 

The same pattern of DNA binding was obtained in South- 
western blot analysis performed with a labeled fragment 
containing the outside end of Tn/0 (data not shown). 

Transposase Activity Is Reconstituted from Mixtures of 
Proteolytic Fragments. The activities of individual domains 
were examined after they were purified by Cis reverse-phase 
chromatography (Fig. 3). The fragments chosen included the 
two C-terminal fragments, T17 and T18, which differ with 
respect to the presence or absence of the linker region, and two 
N-terminal fragments, T28 and T22; these latter two lack the 
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Fig. 2. Southwestern blot analysis of DNA binding. Whole trans- 
posase and trypsin-treated transposase were electrophoresed in an 
SDS/polyacrylamide gel. They were then stained with Coomassie blue 
or transferred to nitrocellulose to assay for DNA binding. {A) Coo- 
massie blue staining of whole and trypsin-treated transposase. (B) 
Southwestern blot probed with nonspecific DNA from pBR322. DNA 
binding reactions were in 50 mM KC1. 
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Fig. 3. Silver-stained gel of Cis purification of tryptic fragments. 
Lanes: 1, trypsin-treated transposase; 2 and 3, T28 and T22 purified 
from tryptic digestion of EA292 mutant transposase; 4 and 5, T18 and 
T17 purified from tryptic digestion of DA161 transposase. 

linker region but contain or lack the proximal 6-kDa domain 
Na, respectively. 

Purified fragments were assayed singly or in appropriate 
mixtures for their ability to carry out defined steps of the 
transposition reaction. To further ensure that no full-length 
active transposase was present in these preparations, frag- 
ments corresponding to N-terminal and C-terminal domains 
were purified from mutant transposases in which the comple- 
mentary portions of the proteins (C- and N-terminal regions, 
respectively) carried point mutations that confer a complete 
block to the chemical steps of the reaction (catalysis minus; S. 
Bolland, personal communication). In these experiments, pro- 
teolytic fragments were present at concentrations that were 
close to that of wild-type transposase in control reactions. 

The TnlO/lSlO transposition reaction involves assembly of 
a synaptic complex containing a pair of transposon ends, 
successive double-strand cleavages at the two ends within each 
complex, and finally, strand transfer of the two ends to target 
DNA (5). All of these events can be assayed by using purified 
transposase and short linear DNA fragments containing the 
outside end of ISi0, which are radiolabeled to permit moni- 
toring of the reaction (Fig. 4 and ref. 5). A stable synaptic 
complex containing transposase and a pair of substrate frag- 
ments forms rapidly in the absence of divalent cations. Upon 
addition of Mg 2+ , these complexes undergo cleavage at the two 
component transposon ends with concomitant release of 
flanking DNA. If supercoiled target DNA is added to the 
reaction with Mg 2+ , the two ends undergo strand transfer to 
the target after cleavage. All reactions include IHF protein, 
which is an essential accessory component in this system. 

The first two stages of the transposition reaction are mon- 
itored by gel retardation of protein-DNA complexes; un- 
cleaved paired ends complex (PEC) and double end break 
complex migrate with distinct characteristic mobilities (Fig. 4 
A and 5). Strand transfer in the short linear fragment assay is 
monitored by analysis of DNA after removal of proteins. 
Joining of the two labeled end fragments within a single 
complex to a target DNA molecule linearizes that molecule; 
joining of one labeled end fragment (single end strand trans- 
fer) yields a nicked circular species. 

In this assay, the four purified fragments individually exhibit 
neither PEC formation (Fig. 4/4) nor cleavage (data not 
shown). All four possible combinations of N- and C-terminal 
fragments were, however, capable of forming a PEC (Fig. 44). 

The full-length N-terminal fragment T28 (domain Nor/3) in 
combination with either of the two C-terminal fragments (T18 
or T17) appears to be very nearly normal not only with respect 
to formation of PECs but also in the ability of such complexes 
to proceed through the chemical steps of transposition (Fig. 4). 
Both types of reconstituted PECs exhibit the mobility and 
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Fig. 4. Transposition activities of digested transposase. Purified proteolytic fragments were renatured and used in the short linear fragment 
assay. (A) The reaction without Mg 2+ shows that none of the fragments alone are capable of forming complex and that complex formation can 
be reconstituted by mixing fragments. (B) After the addition of Mg 2+ , only complexes with T28, which contains domain Na, are capable of cleavage. 
Note that radioactive label was incorporated more efficiently at the end containing the flanking DNA. (C) T28 complexes go on to do strand transfer 
in the presence of a supercoiled target. WT, whole transposase (aa 1-402); T28, Naj3 (aa 1-246); T22, N0 (aa 54-246); T18, C + linker (aa 247-402); 
T17, C - linker (aa 256-402); PEC, paired ends complex; DEB, double end break complex; IHF, IHF-DNA complex; free DNA, unbound DNA 
fragment; flanking DNA, cleaved flanking DNA; ST, linear strand transfer product; *, the strand transfer product that retained supercoiling because 
the synaptic complex was not completely dissociated. 



discreteness characteristic of native complexes (Fig. 44). These 
complexes are also capable of undergoing efficient cleavage 
irrespective of the presence or absence of the linker region in 
the C-terminal partner (Fig. AB). In both cases, the level of 
PEC and cleavage products is consistently similar over several 
trials to that observed for the native reaction. Finally, after 
cleavage, both reconstituted reactions yield strand transfer 
products (Fig. AC). Reactions containing T18 are reproducibly 
more efficient than reactions containing T17; in the experi- 
ment shown, the efficiency of strand transfer per precleavage 
complex is 51% of the native level for the T28-T18 complexes 
and 27% for the T28-T17 complexes. 

T22, the shorter N-terminal fragment that lacks the 6-kDa 
Not domain, in combination with either of the C-terminal 
fragments is capable of giving rise to precleavage complexes in 
the absence of Mg 2 "*" (Fig. AA). These complexes are, however, 
abnormal. The precleavage complexes formed in these two 
fragment mixtures migrate faster and are less discrete than 
native complexes. Furthermore, upon addition of Mg 2+ , these 
complexes fail to give rise to any cleavage products (Fig. AB). 
Nor do they give strand -transfer in reactions where Mg 2+ and 
target DNA are both added (Fig. AC). 

DISCUSSION 

The domain structure of IS70 transposase deduced from the 
analysis presented above is summarized in Fig. 5A. The protein 
is organized into two principal domains that are connected by 
a short linker region that probably corresponds to an exposed 
loop. The N-terminal domain is farther subdivided into short 
proximal and longer distal segments. 

Patch I and Patch II are two regions genetically defined by 
the positions of SOS + Tnsp _ mutants (7). The N-terminal 
domain, N/3, contains Patch I while Patch II is in the linker 
region and the C-terminal domain C. The experiments pre- 
sented here suggest that Patch II (aa 243-264) is composed of 



two distinguishable regions that we shall define as Patch IIA 
(aa 243-255) and Patch IIB (aa 256-264). The linker region (aa 
247-255) corresponds to Patch IIA and is thought to be a 
flexible loop as determined by secondary structure predictions 
and proteolytic sensitivity. Patch IIB appears to have a more 
ordered structure. Interestingly, the SOS + Tnsp~ mutations in 
Patch IIA generally confer more severe transposition defects 
than those in Patch IIB (7). 

The complete N-terminal domain Na/3 and its distal sub- 
domain N/3 are both capable of nonspecific DNA binding. 
Neither specific DNA binding nor synaptic complex formation 
was detected with any of the isolated domains alone. In 
contrast, full transposition activity can be reconstituted by 
mixing a fragment containing the complete N-terminal do- 
main with C-terminal fragments that either contain or lack the 
linker region. The presence of the linker region appears to be 
irrelevant for synaptic complex formation and cleavage but to 
be slightly beneficial for strand transfer (Fig. 4). 

Current genetic evidence suggests that the two principal 
structural domains of transposase are functionally interdepen- 
dent. Most importantly, the active site of the protein appears 
to be formed from residues within both domains. IS element 
transposases of the IS4 family have amino acid sequence 
similarity within three segments, two within the N/3 domain 
and the third within domain C (Fig. 5 and ref. 6). Moreover, 
acidic residues at which mutations completely abolish catalysis 
occur within these three segments (S. Bolland, personal com- 
munication). The observations presented here fully support 
this view. Thus, they suggest that formation of a synaptic 
complex and, quite possibly, specific interaction of transposase 
with transposon ends require communication between the N- 
and C-terminal portions of the protein either within a single 
molecule or between two molecules. 

The dispensability of the linker region further demonstrates 
that the structural integrity of transposase and of the trans- 
posase synaptic complex during the transitions involved in the 
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Fig. 5. Summary of transposasc and activities measured. (A) 
Domain structure of I SI 0 transposase. (B) Line representation of the 
protein with regions previously defined by homology with members of 
the 1S4 family (con) and genetic analysis (Patches I and II). (C) 
Measurement of the activities of transposase, proteolytic fragments, 
and mixtures of fragments. Strand transfer efficiency was calculated by 
taking the ratio of radioactive label present in the strand transfer 
product to the label present in the cleaved flanking DNA band 
(correcting for the different labeling efficiencies at each of the ends). 
NS, nonspecific; CPX, complex; Civ, cleavage; ST, strand transfer. (D) 
Sequence of Patch II and the location of mutants. Arrows represent 
detected trypic cleavage sites. The shaded box indicates the linker 
region that is deleted in the reconstitution experiment by using the 
purified proteolytic fragments. Although these residues are dispens- 
able for complete transposition activity, three mutations have been 
mapped within this region: two SOS + /Tnsp~ mutations (boldface 
type) and one altered target specificity mutation (underlined). 

chemical steps of transposition is maintained independent of 
this connector. Other proteins have been shown to retain 



biochemical function in the absence of covalent integrity of the 
polypeptide chain [e.g., /3-gaIactosidase (12)]. 

The linker region is generally dispensable for the transpo- 
sition reaction. This finding is particularly intriguing because 
the linker region corresponds to sites at which mutations 
affecting transposition have been identified (Fig. 5D). More 
specifically, the PL252 and SL253 mutations block the trans- 
position reaction after excision but prior to strand transfer, and 
the CY249 mutation reduces site specificity of transposon 
insertion (7, 8). 

After excision, the synaptic complex undergoes a transition 
from one conformation to another, which permits it first to 
undergo a stable noncovalent interaction with target DNA and 
then strand transfer (5). Based on the results presented here, 
we can propose one specific model that can account for the 
effects of both genetic and physical changes in the interdo- 
mainal linker region. We propose that the linker region must 
move for target capture and/or strand transfer to occur; once 
the linker segment has moved, it has a modest positive effect 
in promoting strand transfer. According to this model, 
SOS + Tnsp~ mutations block strand transfer by keeping the 
linker region from moving properly after cleavage. Deletion of 
the linker region has no effect on the transition perse, but the 
slightly positive effect of the linker on strand transfer is 
eliminated. The altered target specificity mutations strengthen 
the linker region interaction that promotes strand transfer, 
thus, rendering the reaction less dependent upon effective 
target capture. 
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A fusion protein containing the full-length sequences 
of the mitogen, basic fibroblast growth factor (FGF-2), 
and the ribosome-inactivating protein, saporin (SAP), 
has been expressed in E. coli. As expected, it binds with 
high affinity to heparin-Sepharose like FGF-2 and can 
displace the binding of radiolabeled FGF-2 to its high 
affinity receptor. In contrast, the fusion protein only has 
much lower ribosome-inactivating activity than free sa- 
porin, although full ribosome-inactivating protein activ- 
ity can be generated by proteolytic removal of the FGF-2 
moiety. Cytotoxicity experiments with B16-F10 mouse 
melanoma cells establish that the fusion protein is ac- 
tive as a chemical conjugate against these intact cells. 
Presumably these cells have the ability to activate the 
SAP component of the fusion protein through an intra- 
cellular metabolism of the fusion protein. Because we 
also show the fusion protein has tumor growth inhibi- 
tion properties and an ti metastatic activity in in vivo 
models of melanoma, the findings support the hypoth- 
esis that FGF-based ligand-mediated cytotoxicity can 
serve to target cytotoxic agents in vivo. 



The chemical conjugation of basic fibroblast growth factor 
(FGF-2) 1 with saporin (SAP) creates a molecule that is an ex- 
tremely potent cytocidal agent for cells that express cell surface 
high affinity FGF receptors. This molecule (FGF-SAP) has been 
used to eliminate contaminating FGF receptor-bearing cells 
from mixed cell populations (1, 2), in tumor models to inhibit 
solid tumor growth (3), in the inhibition of corneal re-epitheli- 
alization (4), and to inhibit smooth muscle cell proliferation in 
experimental models of restenosis (5,6). 

Over the course of the last few years, fusion proteins con- 
taining bacterial toxins and ligands (7-9) or antibody frag- 
ments (10) have led to a second generation of mi to toxins and 
immunotoxins. These recombinant proteins provide numerous 
advantages. First and foremost, proteins can be purified that 

* This work was funded by the Whittier/Erbamont An gio genes is Pro- 
ject, National Institutes of Health Grant DK18811, the Associazione 
Italiana per le Ricerca sul Cancro (A1RC), and the Italian AIDS Pro- 
gram. The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

This paper is dedicated to the memory of our colleague, Gianpaolo 
Nitti. 

§ Present address: Antibioticos Farma, S. A., C/Antonio Lopez 109, 
Madrid, 28026 Spain. 

1 The abbreviations used are: FGF-2, basic fibroblast growth factor; 
SAP, saporin; FGF, fibroblast growth factor; rFGF-SAP, recombinant 
basic fibroblast growth factor-saporin fusion protein; RIP, ribosome- 
inactivating protein; 1L-4, interleukin 4; IL-6, interleukin 6; TGFa, 
transforming growth factor a; ELISA, enzyme-linked immunosorbent 
assay. 



are chemically homogeneous. Their structures can be engi- 
neered to enhance potency or to modulate their effects (11). In 
some instances, for example, the ligand moiety is modified to 
enhance its binding to high affinity receptors (12). In others, 
the toxin moiety is engineered for increased stability (13, 14), 
decreased intrinsic toxicity (15), or to enhance its translocation 
into the cellular cytoplasm after internalization ( 16). 

In a recent study, we reported the expression of one of the 
four isoforms of saporin, a ribosome-inactivating protein iso- 
lated from the plant Saponaria officinalis in Escherichia coli 
(17). Saporin is a type 1 ribosome-inactivating protein that has 
been used in many applications as the targeted toxin moiety of 
chemically conjugated immunotoxins (18, 19) and mi to toxins 
(20). Recently, for example, SAP chemical conjugates have been 
evaluated in clinical trials as anti-tumor agents (21, 22) and in 
the development of experimental models of Alzheimer's disease 
(23). Because the expression of saporin in E. coli produces a 
recombinant protein with the full intrinsic ability to inhibit 
protein synthesis (17), we constructed a cDNA encoding a fu- 
sion protein of FGF-2 and SAP. It was cloned into the pETll 
expression system (24) and the expressed molecule (rFGF-SAP) 
was characterized. 

EXPERIMENTAL PROCEDURES 

Reagents — Restriction and modification enzymes were purchased 
from Life Technologies, Inc., Stratagene (La Jolla, CA), and New Eng- 
land Biolabs (Beverly, MA). Native SAP, chemically conjugated FGF- 
SAP, and rabbit polyclonal antisera to SAP and FGF-2 were prepared as 
described previously (25, 26). The pET SyBtem Induction Control was 
purchased from Novagen (Madison, WI). pFCSO, containing the FGF-2 
coding sequence (27), was a kind gift of Dr. Paolo Sarmientos of Farmi- 
talia Carlo Erba (Milan, Italy). The SAP coding sequence Seq3 is de- 
scribed in Barthelemy et al. (17). 

Plasmid Construction — An Ncol restriction site was introduced into 
the sequence of the SAP Seq3 by site-directed mutagenesis using the 
Amersham Corp. in vitro mutagenesis system 2.71. Oligonucleotides 
were synthesized using a 380B automatic DNA synthesizer (Applied 
Biosystems, Foster City, CA). The oligonucleotide used for creation of 
this site was CAA CAA CTG CCA TGG TCA CAT C replacing the 
original SAP gene sequence CAA CAA CTG ATG CGG TCA CAT C. The 
resulting phage has the Ncol site located at the beginning of the mature 
SAP coding sequence and is termed mpNG4. The stop codon of the 
FGF-2 coding sequence in the pFC80 plasmid was also removed by 
site-directed mutagenesis. The FGF-2 sequence was isolated as aHgal- 
Sall fragment and after filling its protruding ends, it was cloned in the 
Smal site of Ml3mpl8. An insert in the origin of replication minus 
direction was mutagenized using the Amersham Corp. kit with the 
sequence GCT AAG AGC GCC ATG GAG A to replace the naturally 
occurring GCT AAG AGC TGA CCA TGG AGA. The resulting M13 
replica tive form was cut with Ncol and Sad to yield a fragment con- 
taining FGF-2 coding sequence with the stop codon replaced. An EcoRl- 
Ncol fragment from mpNG4 was li gated to a NcoJ-Sacl fragment from 
FGFM13. The resulting fragment was inserted into M13mpl8 opened 
with 2?coRI and Sac I to create mpFGFSAP. mpFGFSAP was digested 
with Xbal and Eco RI, and the resulting fragment that contains the 
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rFGF-SAP coding sequence was isolated and ligated into pETlla pre- 
treated with EcoRl and Xbal. The resulting plasmid (pT7-FS) contains 
a X ell ribosome binding site from the pFC80 plasmid which replaces the 
ri bo some binding site of the pET vector. It was transformed into host 
strain BL21(DE3)pLysS according to manufacturer's instructions. 

Purification of Recombinant FGF-SAP (rFGF-SAP) — 4 liters of LB 
broth containing carbenicillin (Sigma, 50 ug/ml) and chloramphenicol 
(Sigma, 50 ug/ml) were inoculated with plasmid-containing bacterial 
cells from a culture grown to 1 OD^ (1:100 dilution). Cells were grown 
at 28 °C in an incubator shaker to an OD^ of 0.5. Ieopropyl-l-thio-p- 
D-galactopyranoside (Sigma) was added to a final concentration of 0.2 
tom and growth continued to OD^ of 1.2 at which time cells were 
centrifuged. The pellet was resuspended in 10 mw TVis, 0.6 m NaCl, pH 
7.4. The solution was frozen and thawed five times and sonicated for 2 
min. The suspension was centrifuged; the supernatant was saved and 
the pellet was resuspended for further analysis and saved. The super- 
natant was applied to a Hi Trap heparin-Sepharose column (Pharmacia, 
Uppsala, Sweden) equilibrated with 0.15 m NaCI in 10 mM TVis, pH 7.4 
(buffer A), and washed with equilibration buffer, 0.6 u NaCl in buffer A, 
1.0 m NaCl in buffer A, and finally eluted with 2 m NaCl in buffer A. The 
column fractions were analyzed by SDS-gel electrophoresis, Western 
blotting with anti-saporin antibodies, and the sandwich ELISA de- 
scribed below. Peak fractions of the 2 m elution were pooled and diluted 
10-fold with 10 mM sodium phosphate, pH 7.5, and applied to a Mono S 
5/5 column (Pharmacia) equilibrated with the same. A 30-min gradient 
at 1 ml/min was run. SDS-gel electrophoresis and the sandwich ELISA 
were used for analysis. Peak fractions were pooled and dialyzed versus 
10 mM sodium phosphate, 0.15 m NaCl, pH 7.4, and stored. Yield of 
purified rFGF-SAP was 460 pg/liter of fermentation broth. For sequenc- 
ing rFGF-SAP, an aliquot of the Mono S pool was dialyzed against water 
and the protein sequenced as described (28). Recovery from the first 
cycle was 53%. For sequencing of the tryptic fragment, material was 
purified by reverse phase chromatography before sequencing. 

Sandwich EUSA for FGF-SAP— Wells of a 96-well plate (Costar) 
were coated with an antibody to FGF-2 (26) that was diluted 1:400 in 50 
mM carbonate/bicarbonate buffer, pH 9.6. The plate was incubated over- 
night at 4 °C. The wells were washed with washing buffer (0.15 m NaCl, 
10 mM Tris, 0.05% Tween 20, pH 8.0). 50 pi of column fractions or 
standard, diluted in dilution buffer (washing buffer with 0.1% bovine 
serum albumin), were added in duplicate. Chemically conjugated FGF- 
SAP was used as the standard. The plate was incubated for 1 h at 37 °C. 
The wells were washed three times with washing buffer. 50 ul of a 
rabbit anti-SAP antiserum (25) that had been linked to horseradish 
peroxidase was diluted 1:100 and added to each well and for 1 h. at 
37 °C. The wells were washed four times, and 50 ul of freshly prepared 
o-phenylenediamine substrate was added to each well. The plate was 
incubated at 37 "C for 2-10 min, depending on the rate of color devel- 
opment. 50 pi of 4.5 m H 2 S0 4 was added to stop color formation. The 
optical density at 492 run was measured, and unknown values were 
interpolated from the standard curve values, 

Sodium Dodecyl Sulfate (SDSJ-Gel Electrophoresis and Western Blot- 
ting — SDS-gel electrophoresis was performed on a PhastSystem using 
20% gels (Pharmacia). Western blotting was accomplished by transfer of 
the electrophoresed protein to nitrocellulose using the PhastTransfer 
system (Pharmacia), as described by the manufacturer. The antisera to 
SAP and FGF-2 were used at a 1:1000 dilution. Horseradish peroxidase- 
labeled anti-IgG was used as the second antibody as described (29). 

In Vitro Assays of Cytotoxic Activity — The ribosome-inactivating pro- 
tein (RIP) activity of recombinant FGF-SAP was compared with the RIP 
activity of chemically conjugated FGF-SAP and the RIP activity of na- 
tive SAP, in an in vitro assay measuring cell-free protein synthesis. 
Immediately before assay, both the chemically conjugated and recom- 
binant FGF-SAP molecules were reduced by treatment with 50 mM 
dithiothreitol for 1 h at 37 °C. Samples were diluted in PBS, and 5 ul of 
Bample was added on ice to 35 ul of a nuclease-treated rabbit reticulo- 
cyte lysate (Promega, Madison, WI), and 10 ul of a reaction mixture 
containing 0.5 pg of Brome mosaic virus RNA, 1 ul of a 1 him amino acid 
mixture minus leucine, 5 pCi of tritiated leucine, and 3 ul of water. 
Assay tubes were incubated 1 h in a 30 °C water bath. The reaction was 
stopped by transferring the tubes to ice, and 5 ul of the assay mixture 
was added in triplicate to 75 ul of 1 n sodium hydroxide, 2.5% hydrogen 
peroxide in the wells of a Mi Hi titer HA 96-well filtration plate (Milli- 
pore, Bedford, MA). When the red color had bleached from the samples, 
300 ul of ice-cold 25% trichloroacetic acid were added to each well and 
the plate left on ice for another 30 min. The plate was placed on a 
Millipore vacuum holder attached to a vacuum source and the liquid 
vacuumed through. The wells were washed three times with 300 ul of 
ice-cold 8% trichloroacetic acid. After drying, the filter paper circles 



were punched out of the 96-well plate and counted by liquid scintillation 
techniques. 

Cytotoxicity experiments were performed with the Promega CellTi- 
ter 96 Cell Proliferation/Cytotoxicity Assay using human (SK-Mel-28, 
ATCC HTB72) and mouse (B16-F10) melanoma cell lines. The proce- 
dure was optimized for 1500 cells plated per well. 

In Vivo Assay of Cytotoxic Activity — Both a solid tumor and meta- 
static model of melanoma were examined. In the solid tumor model, on 
day 0, 5 x 10 6 B16-F10 cells were injected subcutaneously in the flanks 
of each C57BL/6 mouse. By day 3, tumors were visible on all mice. The 
mice in Group C were given two injections at the LD 10 ( 105 pg/kg), one 
on day 3, the other on day 7. Mice in Group D were injected on days 3, 
6, and 9 with 26 pg/kg. Tumor size was evaluated on days 5 and 10. 
Saporin treatment was done on day 3 at 82 pg/kg, a dose equimolar to 
the LD I0 . Mice in the "no treatment" category were injected with Dul- 
becco's PBS at day 3. The mice were sacrificed on day 10, and the tumors 
were removed and weighed. The mean tumor weights and mean tumor 
volumes (tumor volume = o6 2 /2, where a is equal to the larger dimen- 
sion measured and 6 is equal to the smaller dimension) were deter- 
mined for each group, and statistical comparisons of the various treat- 
ment groups were performed using Student's t test. 

For the metastatic model, on day 0 of the experiment, B16-F10 cells 
(5 x 10* in 0.1 ml of Dulbecco's PBS) were injected via the tail vein into 
the circulation of C57BL/6 mice. On day 1, the mice were randomly 
divided into two groups and treated as follows: 12 mice were injected via 
the tail vein with 105 pg/kg rFGF-SAP, and 10 mice were injected as 
above with Dulbecco's PBS, On day 7, the mice were sacrificed, and the 
number of nodules on the lungs were counted using a dissecting micro- 
scope. 

RESULTS 

Expression of rFGF-SAP as a Fusion Protein— Out first at- 
tempts to express and characterize a rFGF-SAP fusion protein 
from E. coli (30) resulted in the expression of a protein that had 
none of the binding properties of FGF-2, SAP's cell -free protein 
synthesis inhibition activity, or cytotoxicity to cells expressing 
the FGF-2 receptors. Because of these negative results, we 
revised our strategy and used the entire coding sequences of 
both saporin and FGF-2. New restriction sites were introduced 
by site-directed mutagenesis, and we used the pET expression 
system, which provides tight control of gene induction (24). 
This new construct is described in Fig. 1. An Ncol restriction 
site was introduced 5' to the SAP encoding sequence, leaving 
the EcoKl site derived from the genomic sequence intact. After 
removal of the stop signal in the FGF-2 sequence, it was ligated 
to SAP, resulting in a sequence encoding for the entire FGF-2 
protein, an intervening 2-amino acid linker peptide (Ala-Met), 
and the entire SAP sequence. After excision from Ml 3, the DNA 
was inserted into pETlla for expression. 

Purification of the Expressed Fusion Protein — The induction 
of cells containing the plasmid pT7-FS results in the appear- 
ance of a 45-kDa protein detectable by Western blotting with 
anti-SAP and anti-bFGF antisera. Purification is straightfor- 
ward by virtue of the heparin affinity of FGF-2. rFGF-SAP 
elutes from heparin-Sepharose with 2 m NaCl just as native 
and recombinant FGF-2. This clearly indicates that the hepa- 
rin affinity of FGF-2, one of its biochemical characteristics (31, 
32), is retained in the fusion protein. The final step of purifi- 
cation was Mono S chromatography. Exploiting the strong posi- 
tive charge of both FGF-2 (pi 9.6) and SAP (pi 10.5) yields an 
essentially pure protein, as judged by SDS-gel electrophoresis 
and sandwich ELJSA. 

As shown in Fig. 2, SDS gels were either stained with Coo- 
massie Blue, or the proteins were transferred to nitrocellulose 
and blotted with anti-SAP or anti-FGF-2 antisera. Both anti- 
sera reveal a band at molecular weight approximately 43,000, 
which is slightly lower than the sum of the molecular weights 
of SAP (30,000) and FGF-2 ( 18,000). The basic isoelectric points 
of the two proteins result in a faster migration and its appear- 
ance as a doublet. As expected, there is no rFGF-SAP in the 
fermentations of noninduced bacteria, establishing that there 
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Pig. 1. Schematic of the construc- 
tion of the rFGF-SAP fusion protein 
expression plasmid. An Ncol restriction 
site was introduced into the 5' end of the 
saporin coding sequence as described un- 
der "Experimental Procedures.* An EcoW 
site remained from the native genomic 
DNA. A stop signal in the FGF-2 coding 
sequence was removed by site-directed 
mutagenesis. An EcoRl-Ncol fragment 
from mpNG4 t containing the SAP coding 
sequence, was ligated to a Ncol-Sacl frag- 
ment, containing the FGF-2 coding se- 
quence, from FGFM13, The resulting 
fragment was inserted into Ml3mpl8 
opened with EcoRI and. Sad to create 
mpFGFSAP. This fusion protein se- 
quence, containing the entire coding se- 
quence for FGF-2 and saporin, with a 2-a- 
mino acid spacer (Ala-Met), was excised 
from mpFGFSAP with £coRI and Xbal 
and inserted by ligation into the pETlla 
vector that had been cut with the same 
restriction enzymes; The resulting plas- 
mid pT7-FS was used for expression of 
rFGF-SAP. 
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Fig; 2. SDS-gel electrophoresis analysis of rFGF-SAP production and purification. Samples were electrophoresed with a PhastSystem 
(Pharmacia) in 12% PhastGels according to the manufacturer's instructions. Gels were either stained with Coomassie Blue or transferred to 
nitrocellulose by the PhastTransfer system and used in Western blotting with anti-saporin or anti- FGF-2 antisera: Lanes are the same for all three 
methods. See "Experimental Procedures" for details of the preparations. Lane A. rcsuspended pellet of extract of uninduced bacteria (0.5 pi); lane 
B, resuspended pellet of extract of induced bacteria (0.5 pi); lane C, supernatant of extract of uninduced bacteria (0.5 pi); lane D, supernatant of 
extract of induced bacteria (0.5 pi); lane E r pool of heparin-Sepharose chromatography peak fractions (1.1 pg for Coomassie staining, 11 ng for 
Westerns); lane F, pool of Mono S 5/5 chromatography peak fractions (750 ng for Coomassie staining, 7^5 ng for Westerns); lane G; FGF-SAP 
chemical conjugate <2.5 pg for Coomassie staining, 25 ng for Westerns); Molecular weight standards are given on the ends and correspond to the 
molecular weight in thousands. Lanes A-F are under reducing conditions; lane G is without reducing agent. 



is tight control of rFGF-SAP expression in this expression sys- 
tem. Although some rFGF-SAP is also present in the pellet of 
the induced extract, no attempt was made to characterize this 



material. No immunoreactivity was detected in extracts of bac- 
teria containing the pETll plasmid without the rFGF-SAP 
coding sequence. Gas phase sequence analysis of the purified 
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Fig. 3. o, inhibition of cell-free protein synthesis by rFGF-SAP, 
chemically conjugated FGF-SAP, and unconjugated SAP. Leucine incor- 
poration was used as a measure of protein synthesis. Experimentation 
was done as described under "Experimental Procedures." Results indi- 
cate that the SAP moiety of r FGF-SAP is less active than free SAP or 
chemically conjugated FGF-SAP. ▲, SAP; a, chemically conjugated 
FGF-SAP; r FGF-SAP 6, receptor binding by FGF-2, rFGF-SAP, and 
chemically conjugated FGF-SAP. The capacity of rFGF-SAP to recog- 
nize FGF receptors was examined in baby hamster kidney cells by the 
method of Moscatelli (61). Briefly, cells were grown to subconfluence 
and incubated at 4 °C for 2 h with radioiodinated FGF-2 in the presence 
of unlabeled FGF-2 (A), chemically conjugated FGF-SAP (□), or rFGF- 
SAP (•). The cells were then washed twice with PBS and twice with 2 
M NaCl. Binding to high affinity receptor was determined by counting 
the membrane fraction that was solubilized with 0.5% Triton X- 100 in 
PBS. 



protein revealed that the expressed protein has its NH 2 - termi- 
nal methionine removed and begins with alanine, the second 
amino acid of the FGF-2 (1-155) sequence (33). Approximately 
10% of the sample contains a protein whose amino terminus 
begins at the second alanine. 

In Vitro Activities of the Fusion Protein — The ability of FGF- 
SAP to inhibit protein synthesis was determined using rabbit 
reticulocyte lysates in a cell-free system which measures 
leucine incorporation into acid-precipitatable material (Fig. 
3a). Surprisingly, the RIP activity of the fusion protein is sig- 
nificantly less than the RIP activity of chemically conjugated 
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Fig. 4. Cytotoxicity of rFGF-SAP to melanoma cells expressing 
the FGF-2 receptor. Incorporation and conversion of the dye 3-(4,5- 
dimethyl thiagol-2-yl)-2,5-diphenyl tetrazolium bromide was used as a 
measure of living cells. Results indicate that rFGF-SAP has a similar 
cytotoxicity to B16-F10 melanoma cells as chemically conjugated FGF- 
SAP. O, chemically conjugated FGF-SAP; rFGF-SAP; A, nonconju- 
gated SAP. 

FGF-SAP or SAP alone. In contrast, the fusion protein's ability 
to compete with radioiodinated FGF-2 for FGF receptors, while 
somewhat less than FGF-2, is quite similar to the chemically 
conjugated FGF-SAP (Fig. 3b). 

The cytotoxicity of rFGF-SAP was examined using B16-F10 
cells, a subclone of a mouse melanoma which ib widely used in 
anti-tumor screening procedures (34-38). These cells have been 
shown to be very sensitive to the chemical conjugate FGF-SAP, 
both in vitro and in vivo. 2 As shown in Fig. 4, the chemical 
conjugate and the recombinant fusion protein have very similar 
cytotoxicity profiles in vitro. Similar results were seen with 
SK-MEL-28 cells, another melanomo cell line. The cytotoxicity 
is competed by free FGF-2, indicating that it is mediated 
through FGF receptors (data not shown). SAP alone is 100 
times less cytotoxic to these cells than its targeted counterpart. 
This is particularly surprising in light of the results in the 
cell-free system described above, showing the SAP component 
of the fusion protein is less effective than SAP alone. We there- 
fore examined whether its activity could be generated by deg- 
radation of the fusion protein. 

Generation of Biologically Active SAP from rFGF-SAP— The 
full RIP activity of SAP can be detected from the fusion protein 
after proteolysis. Because saporin is protease-resistant (39, 40) 
and FGF-2 is not (41), we treated rFGF-SAP overnight at 37 °C 
with either chymotrypsin, trypsin, or cathepsin B. With chy- 
motrypsin and trypsin, there was a complete and quantitative 
degradation of the 45-kDa fusion protein to a protein with a 
molecular weight similar to that expected for SAP. The protein 
was identified as SAP by Western blotting (Fig. 5a). Sequence 
analysis of the purified trypsin- treated material showed that it 
had been cleaved after the last lysine (Lys 164 ) of FGF-2; this 
would leave 3 amino acids in addition to the NHg terminus of 
SAP. When assayed, it has RIP activity equivalent to that of 
native saporin (Fig. 56). Because FGF-2 is rapidly degraded in 
target cells by cleavage at its COOH terminus shortly after 
internalization (41), we reasoned that the degradation of rFGF- 
SAP in B16-F10 and SK-Mel-28 cells activates the saporin moi- 
ety of the fusion protein to yield a molecule having full cyto- 
toxicity. 



i W. Ying, D. Martineau, J. Beitz, D. A Lappi, and A Baird, submitted 
for publication. 



12556 
A 



WESTERN 



Recombinant FGF-SAP 

1500 



COOMASSIE 



ANTI-SAPORIN 



ANT1-FGF 



46 
30 
21.5 
14 



ABC D E F ABC D E F ABC D E F 



B 



HZ. 



16000 



10000 - 




Fig. 5. Proteolytic digestion of rFGF-SAP. 50-pg quantities of 
rFGF-SAP and 31 ug of SAP were incubated with 100-fold less (by 
weight) quantities of chymotrypsin, trypsin, or cathepsin B (Sigma) 
overnight at 37 Q C. Samples were then removed and assayed for ribo- 
some-inactivating protein activity or electrophoresed and stained with 
Coomassie stain or transferred to nitrocellulose and immunostained 
with anti-FGF-2 or anti-saporin. a\ Coomassie staining and Western 
blotting of protease-treated rFGF-SAP. Lane A, rFGF-SAP, no protease, 
no 37 *C incubation overnight; lane B„ rFGF-SAP, no protease, incuba- 
tion at 37 °C overnight; lane C, rFGF-SAP, treated with chymotrypsin 
at 37 °C overnight; lane D 9 rFGF-SAP, treated with trypsin at 37 °C 
overnight; lane E, rFGF-SAP, treated with cathepsin B at 37 °C over^ 
night; lane F t saporin standard (Coomassie and anti-saporin Western),. 
FGF-2 (anti-FGF-2 Western). The double band of SAP is presumably a 
result of its high isoelectric point (10.5). This behavior is described in 
Lappi et al. (25). 6, protein synthesis inhibition activity of protease- 
treated rFGF-SAP. Inhibition of protein synthesis by a rabbit reticulo- 
cyte lysate system is measured as described under "Experimental Pro- 
cedures." Samples were assayed at a final concentration of 45 pM. Error 
bars denote standard deviation, This saporin standard was incubated 
overnight at 37 °C without protease addition and is similar to untreated 
saporin standard and saporin that: had been incubated with protease 
(data not shown). Samples containing proteases were assayed without: 
removal of proteases; separate assays showed no effect- of proteolytic 
enzymes at the same dilution on leucine incorporation. 

In Vivo Activity of the Fusion Protein— We tested the activi- 
ties of the rFGF-SAP in both a solid tumor and a metastatic 
model of melanoma with B16-F10 cells in order to demonstrate 
its activity in vivo. In the solid tumor model, two different 
dosage regimens were used, one receiving two treatments 
(Group C) and the other receiving three (Group D), as described 
under "Experimental Procedures." For both groups, by day 5, 
there was a significant reduction in tumor volume (hot shown) 
that increased in significance by day 10 (Fig. 6). For Group C, 
the mean tumor volume of the treated mice on day 10 was 28% 
that of the nontreated mice (p < 0.0005) and for Group D, the 
mean tumor size on day 10 was 29% of the mean tumor volume 
of the nontreated mice (p < 0001). Tumor weight measure- 
ments gave similar results (no treatment: Group C, p < 0.001; 
no treatment: Group D,p < 0.005). 

In the metastatic model, cells are injected in the tail vein of 
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Fic. 6. In vivo anti-tumor activity of rFGF-SAP. C57BU6 mice 
were injected subcutaneously with B16-F10 melanoma cells. 3 days 
later when the tumors were visible t the mice were treated with Dulbec- 
co's PBS (nontreated), saporin (82 ug/kg), for Group C (rFGF-SAP at 105 
ug/kg at days 5 and 7), or for Group D (rFGF-SAP at 26 ug/kg. at days 
3, 6, and 9). On day 10, these measurements of tumor volumes were 
recorded. Numbers above the 6a rs for Groups C and D represent the 
probabilities from two- tail paired t tests. 

mice on day 0, and within 7 days, colonies of B16-F10 cells form 
in the lung. Because these colonies are black and on the lung 
surface, the extent of metastases can be quantitated by count- 
ing colonies under a dissecting microscope. The day after in* 
jecting cells, the mice were treated with a single intravenous 
dose (105 ug/kg) of rFGF-SAP. The mean number of colonies oh 
the lungs of the vehicle-treated mice is 165 ± 23 (±S.E.), The 
mean number of colonies on the lungs of the animals treated 
with rFGF-SAP is 49 ± 14 (p < 0.001), a 70% reduction of the 
number of colonies in control animals. Treatment with, the 
same dose of the chemically conjugated FGF-SAP resulted in a 
60% decrease in the number of colonies in control animals (p < 
0.002). Like its chemical conjugate- counterpart, recombinant: 
FGF-SAP possesses potent in vivo activity in this metastatic 
melanoma model system. 

DISCUSSION 

There are a number of ways in which the chemical hetero^ 
geneity of conjugated proteins can be minimized. For example, 
we have recently addressed this problem in FGF-SAP by per- 
forming site-directed mutagenesis of FGF-2, selectively remov- 
ing reactive cysteines, and conjugating the protein to mono^ 
derivatized saporin. The reaction produces a chemical 
conjugate that appears as a single band in nonreducihg sodium 
dodecyl sulfate-gel electrophoresis and has the same intrinsic 
activities of the wild type (unmutagenized) chemical conjugate 
(42). Because purified saporin preparations contain at least 
four isoforms of the protein that differ by several amino acids 
(17, 43, 44), there is still considerable heterogeneity in this 
material. For these reasons, we expressed the gene encoding 
one of these isoforms ligated to a cDNA encoding FGF-2. We 
show here that the resulting recombinant fusion protein is 
expressed as a single chain that retains the ability of FGFt2 to 
bind immobilized heparin, but that it also has greatly reduced 
ribosome-inactivatihg protein activity. When evaluated against 
an FGF receptor-bearing cell type B16-F10, however, the rer 
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combinant material has cytotoxicity that is comparable with 
the chemical conjugate. This strongly implies that the saporin 
moiety of the fusion protein is activated during or after inter- 
nalization, since cytotoxicity requires the inhibition of protein 
synthesis. One possible explanation of the data indicating in- 
activity in the cell-free system, but activity against some whole 
cells, is that the FGF-2 moiety of the fusion protein is cleaved 
from NH 2 -terminal of the saporin moiety by lysosomal pro- 
teases after internalization. Saporin activity, previously inhib- 
ited by the NH 2 -terminal extension, is then activated and has 
full intrinsic ribosome- in activating activity. Indeed, proteolysis 
in vitro demonstrates that the degradation of rFGF-SAP acti- 
vates the saporin moiety of the fusion protein. Because Walicke 
and Baird (41) have shown that the initial processing of FGF-2 
after internalization occurs at a point seven amino acids from 
the carboxyl terminus of FGF-2, it is possible that cleavage at 
this point could activate saporin. This metabolism and activa- 
tion could then mediate its cytotoxic actions on cells in culture 
and explain the observation that rFGF-SAP is also active as a 
single intravenous injection to inhibit tumor growth in a model 
of melanoma metastases. Whether cleavage at points that 
would leave longer residual portions of FGF-2 would still be 
active is under investigation. Preliminary results indicate that 
another SAP fusion protein, constructed with the amino-termi- 
nal fragment (ATF) of human urokinase plasminogen activator 
(45), also requires that the ATF moiety, situated likewise at the 
NH 2 - terminal of SAP, be removed to obtain protein synthesis 
inhibition activity. Thus the inhibitory activity of the FGF-2 
moiety is not peculiar to the FGF-2 sequence or molecular size. 

O'Hare et al. (46) have reported a ricin A chain fusion protein 
with staphylococcal protein A at the NH 2 terminus that is 30- 
fold less active in cell-free protein synthesis inhibition. This 
molecule was inactive against target cells. When the protease- 
sensitive linker was cleaved by trypsin, leaving a disulfide link- 
age between the two chains, the molecule became cytotoxic. In 
some cell types (i.e. B16-F10, SK-Mel-28, and K562), the rFGF- 
SAP and chemically conjugated FGF-SAP are equipotent. With 
baby hamster kidney cells and PA-1 ovarian carcinoma cells, 
the recombinant material is greater than 100-fold less cytotoxic 
(results not shown). These cells express high levels of FGF 
receptors (3, 47), but are perhaps less able to remove the SAP 
moiety from the FGF-2 moiety. Because they are very sensitive 
to the chemical conjugate FGF-SAP, it is clear that SAP, inter- 
nalized by FGF-2, is able to inhibit protein synthesis in these 
cells. The mechanisms for the differences in these cell types are 
under investigation, but may be related, as in the ricin A chain 
fusion protein, to release of the free RIP 

Fusion proteins to target toxins have now been created using 
bacterial toxins like diphtheria toxin (48) and Pseudomonas 
aeruginosa exotoxin (15) and type II ribosome-inactivating pro- 
tein, ricin A chain (46). For example, Chaudhary et al. (49) 
expressed a recombinant immunotoxin that targeted Pseudo- 
monas exotoxin by its fusion to two antibody-variable domains. 
Selective killing of human immunodeficiency virus-infected 
cells has also been reported when the targeting agent is to CD4 
(50). This has led several investigators to examine the feasibil- 
ity of directing bacterial toxins to cells with growth factors. 
Accordingly, these mi to toxins have been engineered with inter- 
leukin-2 to abolish cell mediated immunity in vivo (51), to 
mitigate adjuvant-induced arthritis in rats (52), and enhance 
cardiac allograft survival in mice (53). Similar reagents have 
been designed using IL-4 (54), IL-6 (55), and TGFa (56). Each 
has shown significant activity in vitro, and TGFcr-PE40 has 
been extensively evaluated in bladder cancer (57). More re- 
cently, Pastan and his co-workers (60) have also produced a 
fusion protein between acidic FGF (FGF-1) and Pseudomonas 
exotoxin. This construct has been shown to be cytotoxic in vitro 
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for proliferating rat smooth muscle cells (58), endothelial cells 
(59), and several tumor cell types (60). As in the case of FGF-2, 
inhibition studies established that this mitotoxin exerts its ac- 
tion through high affinity FGF receptors (60). 

The studies described here are a natural extension of our 
previous studies reporting the cloning, characterization, ex- 
pression, and activity of recombinant SAP (17). The availability 
of a plant-derived type 1 RIP for the design of mi to toxins offers 
several advantages over similar approaches with bacterial tox- 
ins or type II RIPs. First, because they have no high affinity cell 
surface binding domain, they need not be engineered to de- 
crease endogenous toxicity. Second, molecules of the saporin 
family are extremely resistant to proteolysis. Moreover, from 
the results shown here, the fusion protein has the characteris- 
tics of a prodrug: it requires activation, presumably intracellu- 
lar, to generate full SAP activity. It should be reasonable to 
anticipate the engineering of a form of fusion protein that has 
even greater specificity by including cell- specific activation se- 
quences within the fusion protein. Under these circumstances, 
increased target cell specificity could be conferred beyond that 
generated by the ligand's high affinity receptor expression at 
the cell surface- Finally, the demonstration that plant-derived 
type I RIPs can be targeted by a ligand moiety of fusion pro- 
teins to kill cells in vivo supports the feasibility of replacing 
SAP with mutagenized forms of the RIP or with other cytotoxic 
enzymes that might overcome the issues of immunogenicity, 
toxicity, and activity of all protein based experimental models. 

Acknowledgments — We acknowledge the excellent scientific contri- 
butions of Antonella del Vecchio, Michael Ong, Roland Schroeder, and 
Dr. Nicholas Ling. We especially acknowledge the discussions and en- 
couragement of Professor Roger Guillemin. We are grateful to Anne- 
marie Putze for manuscript preparation. 

REFERENCES 

1. Beattie, G. M„ Lappi, D. A., Baird, A., and Hayek, A. (1990) Diabetes 39, 

1002-1006 

2. Beattie. G. M.. Lappi, D. A., Baird, A., and Hayek, A. (1991) J. Clin. Endocri- 

nol. Metab. 73, 93-98 

3. Beitz, J. G.. Davol, P.. Clark, J. W, Kato. J„ Medina, M., Frackelton, A. R., Jr., 

Lappi, D. A., Baird, A., and Calabresi, P. (1992) Cancer Res. 52, 227-230 

4. David, T., Tassin, J., Lappi, D. A., Baird, A., and Courtoia, Y. (1992) J. Cell 

Physiol. 163, 483-490 

5. Lindner. V, Lappi, D. A., Baird, A., Majack, R. A, and Reidy, M. A. (1991) Circ. 

Res. 68, 106-113 

6. Casscells, W., Leppi, D. A., Olwin, B. B., Wai, C, Siegman, M., Speir, E. H., 

SaBae, J., and Baird, A. (1992) Proc. Natl. Acad. ScL U. S. A. 89, 7159-7163 

7. Murphy, J. R, Bishai, W., Williams, D., Bacha, P., Bcrowaki, M., Parker, JC, 

Boyd, J.. Waters, C. and Strom. T. B. ( 1987) Biochem. Soc. Symp. 53, 9-23 

8. Murphy, J R., Bishai, W., Borowski, M„ Miyanohara, A., Boyd. J., and Nagle. 

S. (1986) Genetics 83, 8258-8262 

9. Lorberboum-Galski, H., Kozak, R. W., Waldmann. T. A., Bailon, P., Fitzgerald, 

D. J., and Pastan, I. (1988) «/. Biol Chem. 263, 18650-18656 

10. Kreitman, R. J., Chaudhary, V. K., Waldmann, T.. Wilhngham, M. C. Fitzger- 

ald. D.J. .and Pastan. I. ( 1990) Proc. Natl Acad. Sci. V. S. A. 87, 8291-S295 

11. Kiyokawa.T., Williams, D. P.. Snider, C. E.. Waters, C. A_, Nichols. J. C, Strom 

T. B.. and Murphy, J. R. (1991) Ann. N. Y. Acad, ScL 636, 331-339 

12. Jean, L.-F. L., Waters, C A.. Keemy, D., and Murphy, J. R, (1993) Protein Eng. 

6> 305-311 

13. Kasturi, S., Kihara, A., FitzGerald, D., and Pastan, L (1992) J. Biol. Chem 

267, 23427-23433 

14. Brinkmann. U., Pai, L. H., Fitzgerald, D. J., and Pastan, I. (1992) Proc. Natl 

Acad. ScL V. S. A. 89, 3065-3069 

15. Pastan, L, and FitzGerald, D. (1989) J. Biol. Chem. 264, 15157-15160 

16. VanderSpek, J. C, Mindell, J. A.. Finkelstein, A., and Murphy, J. R. (1993) J. 

Biol. Chem. 268, 12077-12082 

17. Barthelemy. I., Martineau, D., Ong, M., Matsunami, R., Ling, N„ Benatti, L., 

Cavallaro, U.. Soria, M., and Lappi, D. A. (1993) J. Biol Chem. 268, 6541- 
6548 

18. Oeltmann, T. N., and Frankel, A. E. (1991) FASEB J. 5, 2334-2337 

19. Uckun, F. M., and Frankel, A. (1993) Leukemia {Baltimore) 7, 341-348 

20. Lappi, D. A., and Baird, A. (1991) Prog. Growth Factor Res. 2, 223-236 

21. Bonardi, M. A., Bell, A.. French. R. R., Gromo, G., Hamblin, T., Modena, D., 

T\itt, D.. and Glennie, M. J. (1992) Int. J. Cancer 7, (Buppl.) 73-77 

22. Falini, B., Bologneei. A.. Flenghi, L., Taxtari, P. L.. Broe, M. K., Stein. H., 

Durkop, H., Aversa, F., Cornell, P., Pizzolo. G., Barbabietola, G., Sabattini, 

E. , Pileri, S., Martelli, M. F., and Stirpe, F. (1992) Lancet 339, 1195-1196" 

23. Wiley, R G. ( Oeltmann, T. N., and Lappi, D. A. ( 1991) Brain Res. 662, 149-153 

24. Studier, W., Rosenberg, A. H., Dunn, J. J., and Dubendorf, J. W. {1990) Methods 

Enzymol. 185, 60-89 

25. Lappi, D. A., Each, F. S.. Barbieri, L.. Stirpe. F., and Soria, M. (1985) Biochem, 



12558 



Recombinant FGF-SAP 



Biophys. Res. Commun. 129, 934-942 

26. Lappi, D. A., Martineau, D.. and Baird. A. (1989) Biochem. Biophys. Res. 

Commun. 160,917-923 

27. Isacchi, A., Statuto, M., ChieBa, R., Bergonzoni, L., Rusnati, M., Sannientos, 

P., Ragnotti, G., and Preata, M. (1991) Proc Natl Acad. Sci U. S. A. 88, 
2628-2632 

28. Each, R (1992) Anal. Biochem. 130, 39-47 

29. Davie, L., Dibner, M., and Battey, J. R (1986) Basic Methods in Molecular 

Biology, Elsevier Science Publishing Co., New York 

30. Prieto, I., Lappi, D. A., Ong, M.. Ma tsunami, R., Benatti, L., ViUarea, R„ Soria, 

M., Sarmientos, P., and Baird, A. (1991) Ann, N. Y Acad. Set 638, 434-437 

31. Baird, A, and Ling, N, (1987) Biochem. Biophys. Res. Commun. 142, 428-435 

32. Vlodavsky, L, Fuka, Z., iBhai-Michaeli, R., Bashkin, P., Levi, E., Korner. G. ( 

Bar-Shavit, R., and Klagsbrun, M. (1991) J. Cell. Biochem. 45, 167-176 

33. Abraham, J. A, Whang, J. L., T\imo!o, A.. Mergia, A., Friedman, J., Gas pod a- 

rowicz, D., and Fiddea, J. C. (1986) EMBO J. 6, 2523-2628 

34. Santoro, M. G. t Philpott, G. W., and JafTe. B. M (1977) Cancer Res. 37. 3774- 

3779 

35. Hill, G. J., and Littlejohn, K. (1971) J. Surg. Oncol. 3, 1-7 

36. Goldin, A, Venditti, J. M., and Geran, R. (1985) Invest. New Drugs 3, 3-21 

37. Murata, J., Saiki, I., Niahimura, S., Niahi. N., Tbkura, S., and Azuma, I. (1989) 

Jpn. J. Cancer Res. 80, 866-872 

38. Griswold, D. P., Jr. (1972) Cancer Chemother. Rep. 3, 315-324 

39. Stirpe, F, Gasperi-Campani, A., Barbieri, L., Falasca, A, Abbondanza, A., and 

Stevens. W. A. (1983) Biochem. J. 216, 617-625 

40. Soria, M., Benatti, L., Ceriotti, A., Lappi, D- A., Lorenzetti, R„ Nitti, G. ( and 

Solinaa, M. (1992) Targeted Diagn. Ther. 7, 193-212 

41. Walicke. P. A., and Baird, A (1991) J. Neurosci. 11, 2249-2258 

42. Lappi, D. A., MaUunami, R, Martineau, D., and Baird, A (1993) Anal Bio- 

chem. 212, 446-151 

43. Barra, D. ( Mara 8, B., Schinina, E., Angelaccio, S., and Boeea, F. (1991) Bio- 

technol. Appl. Biochem. 13, 48—53 

44. Maraa, B., Ippoliti, R„ DeLuca, E., Lendaro, E., Bellelli, A. Barra, D. t Bossa, 

F.. and Brunori, M. (1990) Biochem. Int. 21, 831-838 



45. Stoppelli, M- P., Corti, A, Soflfientini, A., Caasani. G., Blaai, R, and AssoUn. R 

K. ( 1985) Proc Natl. Acad. Sci. U.S. A 82, 4939-4943 

46. OTLare, M. r Brown, A N., Hussain, K., Gebhardt, A., Watson, G., Roberta, L. 

M., Vitetta, E. S., Thorpe. P. E. f and Lord, J. M. (1990) FEBS Lett. 273, 
200-204 

47. Lappi, D. A, Maher, R A-, Martineau, D., and Baird, A. (1991)*/ Cell Physiol 

147, 17-26 

48. Bacha, P., Williams, D. R, Waters, Williams, J. M., Murphy, J. R., and 

Strom, T. B. (1988) J. Exp. Med. 167, 612-622 

49. Chaudhary, V. K, Queen, C., Junghana, R. P., Waldmann, T. A, Fitzgerald, D 

J., and Pastan, I. (1989) Nature 339, 394-^397 

50. Chaudhary, V. K., Mizukarai, T., Fuerat, T. R., Fitzgerald, D. J., Moss. B., 

Pastan, I., and Berber, E. A. (1988) Nature 335, 369-372 
61. Kelley, V. E., Bacha, R, Pankewycz, 0., Nichols, J. C., Murphy, J. R., and 
Strom, T. B. (1989) Proc. Natl Acad. Sci. U. S. A, 85, 3980-3984 

52. Case, J. R, Lorberboum-Galski, H., Lafyatis, R-, FiUGerald, D., Wilder, R-. and 

Pastan, I. (1989) Proc Natl. Acad. Sci. U. S. A 86, 287-291 

53. Lorberboum-Galski. H., Barrett, L. V., Kir km an, R_ U, Ogata, M., Willingham, 

M. C, FiUgerald, D. J., and Pastan, I. (1989) Proc. Natl. Acad. Sci. U. S. A. 
86, 1008-1012 

54. Ogata, M., Chaudhary, V. K., FiUgerald, D. J., and Pastan, I. ( 1989) Proc. Natl. 

Acad Sci. V. S. A. 86, 4215-4219 

55. Siegall, C. B., Chaudhary, V. J., Fitzgerald, D. J., and Pastan, I. (1988) Proc. 

Natl Acad. Set V. S. A. 85, 9738-9742 

56. Siegall, C. B., Xu, Y.-H., Chaudhary, V. K., Adhya, S., FiUgerald, D.. and 

Paetan, I. (1989) FASEB J. 3. 2647-2652 

57. Theuer, C. R, FiUgerald, D. J., and Pastan, I. (1993) J. Urol. 149, 1626-1632 

58. Biro, S., Siegall, C. B., Fu, Y.-M., Speir, E., Pastan, I., and Epstein, S. E. (1992) 

Circ. Res. 71, 640-645 

59. Merwin, J. R.. Lynch, M. J., Madri, J. A., Pastan, I., and SiegaU, C. B. (1992) 

Cancer Res. 52, 4995-5001 

60. Siegall, C. B., Epstein, S., Speir, E.. tfla, T., Forough, R., Maciag, T., FiUgerald, 

D. J., and Pastan, I. (1991) FASEB J. 6, 2843-2849 

61. Moacatelli, D. (1987) J. Cell. Physiol. 131, 123-130 



ELSEVIER 



Journal of Immunological Melhods 1K30995) 119-125 



JOURNAL OF 

IMMUNOLOGICAL 

METHODS 



Screening and kinetic analysis of recombinant anti-CEA antibody 

fragments 

Ralph Abraham *, Sarah Buxbaum, John Link, Rodger Smith, Colleen Venti, 

Michael Darsley 

/GEN. Inc.. /530 East Jefferson Street, Roikrille. MD 20852, USA 



Abstract 

Four different carcinoembryonie antigen (CEA)-binding antibody fragments were prepared using the genes of the 
variable regions of the T84 epitope -specific antibody 7F7 and phage display techniques. The genes were successfully 
cloned and expressed in the pCANTABS phage display vector to investigate the kinetic binding parameters of each 
synthesized construct. Single chain fragments, Fab fragments, and two diabodies were purified and compared in 
their CEA-binding properties with the parent IgG using surface plasmon resonance detection. The on-rates for all 
these molecules were in the same order of magnitude (about 1 x 10 5 M 1 s" 1 ) whereas major differences were 
detected in the off-rates. IgG and diabodies had slow off-rates due to bivalent binding, while single chain and Fab 
fragments dissociated rather fast. We also present a method for the immobilization of large amounts of CEA on 
CM5 sensorchips. These high density surfaces can be used for observing mass transport limited binding of 
CEA-specific molecules and are convenient tools for screening and quality control. 

Keywords: Recombinant; Fragment; sFv; Fab; Diabody; Phage display: Carcinoembryonie antigen; BIAcore; Surface 
plasmon resonance; Screening; Mass transport limited binding; (Antibody) 



1. Introduction 

In immunodiagnostics and immunotherapy, re- 
combinant antibody fragments are being investi- 
gated as alternatives or adjuncts to whole im- 
munoglobulins (Owens and Young, 1994). In or- 
der to change or generate desired specificities 
and kinetic parameters of antigen binding 
molecules, recombinant antibody fragments are 
the preferred starting material for molecular en- 
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gineers. New binding species are generated by 
manipulating antibody gene repertoires from 
naive or immunized donors. These constructs are 
expressed as fragments containing the variable 
regions in a variety of contexts (Hoogenboom et 
aJ.. 1992). In therapeutic applications, small 
molecules such as single chain and Fab fragments 
or diabodies (Holliger et al., 1993) are now being 
investigated to try to overcome the limitations 
with whole immunoglobulins such as antigenicity 
and poor immunolocalization (Adair, 3992). In 
the diagnostic field, mostly whole antibody or 
enzyrnatically produced fragments are used but 
fine specificities and kinetic binding properties of 



0022-1 759/95/S09.50 <0 1995 Elsevier Science B.V. All rights reserved 
SSD1 002 2-1759(95)00039-9 



120 



R. Ahruhttm a at. / Journal 4tf tmmututtozival Methods 183 U995) 119-125 



the antibodies frequently limit the performance 
of immunoassays. We and other groups are using 
the techniques of antibody engineering to over- 
come these limitations. 

In this study, we chose three different molecu- 
lar species derived from the CEA-binding anti- 
body 7F7 for evaluation of kinetic binding prop- 
erties. sFv, Fab, and diabody were cloned into the 
pCANTABS phage display vector and expressed 
in E. coli. Clones were screened in an electro- 
chemiluminescence-based immunoassay (Black- 
burn et aL 1991) or by mass transport limited 
binding on high density CEA surfaces in u 
biosensor system using surface plasmon reso- 
nance detection (BlAcore system, Karlsson et a!., 
1993). For this purpose we coupled large amounts 
of CEA to sensorchips via periodate-oxidized car- 
bohydrate residues on the antigen (aldehyde cou- 
pling). After purification of the CEA-binding 
fragments the kinetic behaviour was evaluated in 
the BlAcore system (Malmqvist, 1993). We de- 
scribe the differences in binding properties be- 
tween sFv, Fab, two diabody constructs and par- 
ent lgG and the use of the BlAcore system for 
screening and characterization of the engineered 
molecules. 



2. Materials and methods 

2A. Cloning and purification of antibody sh'r and 
Fab fragments 

The 7F7 mAb fragments used in this study 
were cloned and purified as described previously 
(Darsley et aL 1994). Briefly, the heavy and light 
chain genes of the variable region were amplified 
by PCR from cDNA derived from the hybridoma 
cell line CEA129.7F7. The 7F7 mAb has speci- 
ficity for the 'T84* epitope of CEA as shown by 
its ability to inhibit the binding of the mAb M207 
(Medix, Foster City, CA) to purified CEA. The 
PCR product was cloned into the pCANTAB5 
phage display vector and expressed as sFv or Fab 
in the E. coli strain HB2151. After screening the 
bacterial cell culture supernatants from several 
96 well microtiter plates in the electrochemilumi- 
nescence-based Origen immunoassay as de- 



scribed by Darsley et aL (1995), clones with the 
highest expression level were grown on a 1.5 liters 
scale. Fab and sFv were purified by immobilized 
metal affinity chromatography (I MAC, Invitrogen 
ProBond resin) and size exclusion chromatogra- 
phy on a Superdex 75 column (Pharmacia). Purity 
was checked by SDS-PAGE and analytical size 
exclusion chromatography. The protein concen- 
tration was determined in a micro BCA assay 
(Bio-Rad). 

2.2. Cloning and purification of diabodies 

Messenger RNA was isolated from 
CEA129.7F7 using the Micro Fast-Track* kit (In- 
Vitrogen, San Diego, CA) according to the manu- 
facturers' protocol. cDNA was synthesized and 
the segments encoding variable regions of the 
antibody heavy and light chains were amplified by 
the polymerase chain reaction (PCR) using spe- 
cific primers. PCR of the heavy chain fragments 
utilized a set of 10 different 5' VH specific primers 
(combined into five pairs) in combination with a 
single JH specific primer. For the light chain, five 
different 5'VK primers were used in combination 
with a set of four JK specific primers. The 3'JH 
primer and 5'VK primers were modified to con- 
tained complimentary end sequences which will 
encode the (Gly) 2 or (Gly) 4 Ser linker segments in 
the final diabody construct (2-linker and 5-Iinker 
diabody, respectively). This short region of com- 
plementarity allows the specific linking of the VH 
and VK gene segments in frame using a splice 
overlap extension PCR reaction. During the link- 
ing PCR reaction step the outside PCR primers 
used contained restriction site tails to allow sub- 
sequent cloning of the diabody PCR product into 
the phage display vector, - pCANTABS 
(Pharmacia, Piscataway NJ) as described in the 
Pharmacia users manual and by Hoogenboom et 
al. (1991). After ligation and transformation into 
the E. coli strain HB2151, individual transfor- 
mants were grown in 96 well plates and the 
expression of diabody was induced by growing 
overnight at 30° C in 2 X YT + AMP with 1 mM 
1PTG. Supernatants were cleared by centrifuga- 
tion in the culture plate for 20 min at 2000 rpm in 
a Sorval RT6000D centrifuge at 4° C and screened 
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for soluble diabody by mass transport limited 
binding to a high density CEA sensorchip surface 
in the BIAcore system as described below. Dia- 
bodies were purified from 1L HB2151 cultures 
grown at 23° C for 4 h after induction with 1 mM 
IPTG. The cell pellets were sonicated 3 x for 
10 s on ice. After centrifugation diabodies were 
purified from the supernatants and characterized 
as described above for sFv and Fab. 

2.5. Amine coupling of CEA to CMS sensorchip 
surface 

Lyophilized CEA (Scripps) was dissolved to 5 
mg/ml in PBS and diluted 1/50 in 10 mM ac- 
etate/citrate pH 4.5. At a flow rate of 5 /xl/min 
of HBS/p20 (10 mM Hepes, 150 mM NaCI, 3.4 
mM EDTA, 0.05% p20 (Biosensor), pH 7.4) the 
following samples were injected sequentially on 
CM5 sensorchip surfaces: 

- 1 x or 3x35 /xl NHS/EDC mixture from 
Biosensor amine coupling kit; 

- 1 X or 2 X 35 mI CEA (100 Mg/ml); 

- 35 m1 1 M ethanolamine pH 8.5 from Biosen- 
sor amine coupling kit. 

2.4. Aldehyde coupling of CEA to CM5 sensorchip 
surface 

For this procedure we followed the recommen- 
dations for aldehyde coupling provided by 
Biosensor in the BIAcore Users Manual. To 300 
Mg CEA (Scripps) dissolved in 60 m! PBS, pH 7.4, 
240 mI 100 mM sodium acetate pH 5.5 (buffer A) 
were added. The oxidation of CEA was started by 
adding 6 p.] freshly prepared 50 mM sodium 
metaperiodate in buffer A (final concentration 1 
mM). After 20 min incubation on ice 0.2 ml of 
buffer A were added and the reaction was stopped 
by desalting the mixture on a NAP-5 column 
(Pharmacia) into 1 ml 10 mM sodium acetate pH 
4.0 (buffer B). The absorbance at 280 nm was 
determined (OD 28u = 0.084) and the product was 
stored at 4°C. AJiquots of this sample were used 
for immobilization on CM5 sensorchip surfaces. 
At a flow rate of 5 pl/min of HBS/p20 the 
following samples were injected sequentially on 
CM5 sensorchip surfaces: 



-15 mI NHS/EDC mixture from Biosensor 
amine coupling kit; 

- 35 mI hydrazine at 0.2 mM, 1 mM, or 5 mM; 

- 35 m! 5 M ethanolamine pH 8.5 from Biosen- 
sor amine coupling kit; 

- 35 fxl oxidized CEA undiluted or diluted 1/5 
or 1 /25 in buffer B; 

- 40 m! 0.1 M sodium cyanoborohydride in buffer 
B at 2 fi\/m\n; 

- 3 X4 mI 10 mM HCL 

2.5. Determination of kinetic binding parameters by 
BIAcore 

Serial dilutions of 7F7 IgG and fragments (30- 
1000 nM) in HBS/p20 were bound to CEA sur- 
faces prepared by the aldehyde or amine coupling 
method with an antigen density of 900-2600 RU 
at a flow rate of 5 fxl/m'm. Kinetic binding pa- 
rameters were calculated with the BlAevaluation 
software version 1 (Biosensor). 

2.6. Mass transport limited binding experiments 

For screening purposes 4 m! aliquots of dia- 
body samples were injected on high density CEA 
surfaces (6000-12000 RU oxidized CEA) at a 
flow rate of 5 fx\/min using the above described 
HBS/p20 buffer. The total amounts of diabody 
bound in RU were determined from sensorgrams. 
The mass transport limited binding characteris- 
tics of sFv, Fab, 2-linker diabody and IgG were 
evaluated by injecting 35 mI of serial dilutions of 
samples in HBS/p20 at a flow rate of 5 M*/min 
on high density CEA surfaces (8000-12000 RU 
oxidized CEA). The slopes of mass transport 
limited binding determined from sensorgrams for 
time intervals between 15 and 100 s of injection 
start were plotted against the sample concentra- 
tion. 



3. Results 

In this study we have generated a range of 
CEA-binding molecules of different structure. 
Using the cDNA synthesized from a hybridoma 
cell line expressing the CEA-specific 7F7 IgG, 
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Table 1 

Amine coupling of CEA 



r i "i" ,, i""i""i ( ■■■. ! ■■ „[ ■■ 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 

clone # 

Fig. I. Screening of 2- linker diabody clones. 4'^tl of cell 
culture supernatant were injected on to a high density CEA 
surface (about 120(H) RU CEA bound). The total amount of 
RU diabody bound is plotted against the number of the clone. 



the variable regions were successfully cloned and 
expressed in E. coli. AJ1 four different forms of 
CEA-binding molecules (sFv, Fab, and two dia- 
body molecules with different linker regions) were 
cloned and expressed in the pCANTABS vector, 
which also encodes a poly-histidine affinity label 
for purification (Skerra et al., 1991). Clones ex- 
pressing the desired molecules were identified 
from cell culture supernatants using an electro- 
chemilumineseence-based immunoassay (sFv and 
Fab, see Darsley et al., 1995) or by mass transport 
limited binding to a high density CEA surface 
(diabody, Fig. 1). AH fragments were released 
from HB2151 E. coli cell pellets by sonication. 
They were purified by 1MAC and size exclusion 
chromatography. The protein yields for sFv and 
diabody were about 100 /^g, whereas for Fab we 
obtained 400 pig per liter of cell culture. Purity of 
the preparations was checked by analytical size 
exclusion chromatography and SDS-PAGE (pur- 
ity > 95%). After determination of the protein 
concentration with a Micro BCA Assay using 
BSA as a standard the kinetic binding parameters 
of the samples were analyzed in the BlAcore 
system (see below). 

CEA was immobilized on CMS sensor chips 



# of EDC/NHS 


Buffer 


# of CEA 


RU CEA 


injections 




injections 


bound 


1 


pH 4.0 


1 


712 


3 


pH 4.0 


1 


890 




pH 4.5 


1 


1 117 


3 


pH 4.5 


2 


2341 



/\n injections are id pi ai a now rate oi :> ^l/min using 
HBS/p20 as eluenl. ICEA] is 100 Mfi/ml in 10 mM citrate in 
all experiments. 



using the amine and aldehyde coupling methods. 
Table 1 summarizes the experiments performed 
to immobilize CEA via its amino groups. In order 
to increase the sensitivity of CEA sensorchips for 
screening a large number of samples and to carry 
out mass transport binding studies we oxidized 
the carbohydrate residues of CEA with sodium 
metaperiodate. The oxidized material was linked 
via its aldehyde groups to amino groups previ- 
ously introduced to the CMS sensorchip surface. 
Fig. 2 shows how different concentrations of hy- 
drazine and oxidized CEA influence the amount 
of antigen coupled to a sensorchip surface. With 
the aldehyde coupling method it was possible to 
immobilize between 1400 and 12 000 RU of CEA. 



o 

Q 

< 6000 

tu 
o 

0C 4000 - 



l~3 3.2pg/ml CEAox 
16ug/ml CEAox 
8Qpg/ml CEAox 




[hydrazine] 

Fig. 2. Immobilization of periodate -oxidized CEA on CMS 
sensorchips pretreated with EDC/NHS and various concen- 
trations of hydrazine. 
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Surfaces with more than 6000 RU CEA were 
used for studying mass transport limited binding 
and screening of diabody clones. 

The kinetic binding parameters of the CEA-bi- 
nding proteins were evaluated on surfaces with 
CEA densities of 900-2600 RU. Maximum bind- 
ing was observed to be about 1000 RU for each 
sample. The apparent binding kinetic parameters 
calculated with the BIAevaluation software ver- 
sion 1 are summarized in Table 2. Whereas the 
on-rate k on only shows minor differences be- 
tween the molecules (from 4 X 10 4 M" 1 s" 1 for 
2-linker diabody to 1 X 10 5 VT 1 s 1 for Fab) 
very large difference are found for the off-rate 
* off . The rates differ by a factor of 200. The sFv 
molecule dissociates very fast at a rate of 9.4 X 
10~ 4 s~' and IgG shows the slowest k uff of 
4.9 x 10" b s' 1 . The diabodies both have off-rates 
comparable to those observed for IgGs indicating 
an avidity effect caused by the bivalent binding to 
the CEA surface but they still dissociate about 
ten times faster than 7F7 IgG. 

The preparation of high density CEA surfaces 
on CM5 sensorchips permitted us to conveniently 
screen diabody clones directly from bacterial cell 
culture supernatants. Injecting 4 yxl of super- 
natant from a 96 well microtiter plate was suffi- 
cient to identify clones expressing CEA-binding 
diabody (Fig. 1). One or two plates can be 
screened in an overnight run in the BJAcore 
system. The clone with the highest expression 
level, i.e., the highest RU bound was selected, 
grown on a 1 liter scale, purified with a yield of 
100 fj,g and characterized as described above. 

Mass transport limited binding rates for sFv, 
Fab, 2-Iinker diabody and IgG were determined 
by injecting various concentrations of sample on 



Table 2 

Apparent kinelic constants of CEA binding molecules derived 
from 7F7 ]gG 

Form * T7 r 



sFv 
Fab 

Diabody 2L 
Diabody 5L 
IgG 



K 0 (nM) 



i.iixin 5 

1.19X 10 s 

3.62X 10 4 
7.ftlx 10 4 
9.54 x \i) A 



9.44X10 4 

4.09 x 10 4 

7.42X10 5 

5.72 x 10 s 

4.90 x 10 " 



8.5 

3.4 

2.1 

0.75 

0.051 



c - IgG 




" sFv / 




Fab f 




v diabody / / 












/j7 j ^ X ^ V 





nM 

big. 3. Mass transport limited binding of CEA-specific frag 
ments and IgG 10 high density CEA surfaces prepared by 
aldehyde coupling. The slope of the standard curves for the 
samples are 0.932 (IgG), 1.044 (Fab), 0.484 (2-linker diabody), 
and 0.806 (sFv). 



high density CEA surfaces. After reading the 
slopes from the sensorgrams at time intervals of 
15-100 s after injection the binding rates were 
plotted against sample concentration as shown in 
Fig. 3. The monovalent Fab fragment exhibited 
the fastest mass transport limited binding rate 
(slope of Fab standard curve b[l] = L044), 
whereas the bivalent diabody was found to bind 
at approximately half the rate (slope of diabody 
standard curve b[l] = 0.484). 



4. Discussion 

Four different forms of recombinant antibody 
fragments directed against the T84 epitope of 
CEA were generated by phage display techniques 
(Hoogenboom et al., 1991). The sFv fragment 
consists of the variable regions of the heavy and 
light chain covalently linked by the 15 amino acid 
long bridge [(Gly^Ser],; in the Fab fragment 
whole light chain and the Fd fragment of the 
heavy chain form a non-covalent complex (Orum 
et a I., 1993). Two diabody molecules were pre- 
pared to investigate the influence on binding 
kinetics of the length of. the amino acid linker 
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[(Gly) 3 or (Gly) 4 Ser] between the variable regions 
of heavy and light chain. All fragments were 
successfully expressed in HB2151 E. coli cells 
using the pCANTAB5 phage display vector with 
final protein yields ranging from 100 to 400 /ig/l. 
Material purified by immobilized metal affinity 
chromatography and size exclusion chromatogra- 
phy was subjected to kinetic analysis using the 
BIAcore system, which is based on surface plas- 
mon resonance detection (Malmqvist, 1993). The 
apparent kinetic binding constants of the frag- 
ments were compared with the parent 7F7 IgG 
and are shown in Table 2. Only minor differences 
were found in the on-rates which ranged from 
4X10 4 M~ l s~ } for the 2-linker diabody to 
1.1 x 10 s M ~ 1 s" 1 for sFv and Fab but large 
differences were detected in the off-rates. The 
sFv fragment dissociates very fast from the CEA 
surface with 9.4 x 10 4 s~ l while, at the other 
extreme , the parent IgG shows a very slow disso- 
ciation rate of 4.8 X 10" " s" 1 . This off-rate in 
fact becomes almost undetectable with the BIA- 
core system. The off-rates of the diabodies are 
comparable to those of immunoglobulins. With 
6-7 x 10~ 5 s" 1 for the 5-linker and 2-linker dia- 
bodies respectively both molecules apparently 
bind bivalently, thus taking advantage of the avid- 
ity effect. Their avidities are in the nanomolar 
range. We therefore conclude that these types of 
construct might be interesting candidates for irn- 
munodiagnostic applications. We are currently 
trying to improve the kinetic parameters of these 
fragments by chain-shuffling and other mutagene- 
sis techniques (Marks et al., 1992). 

In order to identify and characterize the syn- 
thesized CEA-specific fragments by surface plas- 
mon resonance detection in the BIAcore system 
we have coupled various amounts of CEA to 
CMS sensorchip surfaces. CEA has a molecular 
weight of approximately 180 kDa and is heavily 
glycosylated (Bates et al., 1992). Due to its low p/ 
the amine coupling method only yielded surfaces 
suitable for kinetic analyses (Table 1). In order to 
observe mass transport limited binding, surfaces 
with much higher CEA densities had to be pre- 
pared. The carbohydrate residues were oxidized 
with sodium metaperiodate and CEA was linked 
via the generated aldehyde groups to pretreated 



sensorchip surfaces. The variation of oxidized 
CEA and hydrazine concentrations in the immo- 
bilization procedure proved to be an excellent 
tool to influence the amount of CEA coupled 
(Fig. 2). The chemistry of the immobilization 
method had no influence on the apparent kinetic 
binding parameters for all molecules tested. 

The high density CEA surfaces with 6000- 
12000 RU of CEA bound (6-12 ng/mm 2 ) were 
successfully used for screening clones expressing 
diabody by mass transport limited binding (Fig. 
1). At that stage we used the amount of diabody 
bound after a 4 /il injection to identify good 
expressors. After the purification of all the 
molecules described above it was possible to es- 
tablish standard curves of mass transport limited 
binding for three of the fragments (sFv, Fab, 
2-linker diabody) and the IgG. Different concen- 
trations of these molecules were injected on CEA 
surfaces and mass transport limited binding rates 
were determined (Fig. 3). The CEA density had 
no influence on the binding rates. Mass transport 
limited binding rates are dependent on the con- 
centration, molecular weight, and the diffusion 
coefficient of the molecules and are with some 
limitations independent of kinetic binding prop- 
erties (Karlsson et ah, 1993). The diffusion coeffi- 
cient for spherical macromolecules is inversely 
proportional to the cube root of the molecular 
weight. The slopes of the observed standard 
curves in Fig. 3 display a dependency on concen- 
tration, molecular weight and, apparently, va- 
lency. Theoretically the mass transport limited 
binding rates for IgG and diabody should have 
been twice as high. Most notably the slope for the 
diabody is about 50% of that of the Fab although 
both molecules have the same molecular weight. 
Since other factors such as the shape of the 
molecules and the viscosity of the hydrogel form- 
ing the binding matrix on the sensorchip (Karls- 
son et al., 1994) also influence the mass transport 
binding properties of macromolecules, the exact 
theoretical rates are difficult to determine. In 
addition the question has to be raised about the 
'gold-standard* to which samples are to be com- 
pared. Although the proteins tested in the mass 
transport limited binding experiments displayed 
at least 95% purity there is still the possibility 
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that for example the IgG or diabody preparations 
contain inactive material. Nevertheless the stan- 
dard curves obtained with the purified molecules 
(Fig. 3) will now allow us to calculate approxi- 
mate concentrations of sFv, Fab, diabody, or IgG 
specific for the 7F7 defined epitope in unpurified 
samples by mass transport limited binding to high 
density CEA surfaces prepared by the aldehyde 
method presented in this paper. This will make it 
easier to screen larger numbers of new clones for 
improved kinetic binding properties using the 
BlAcore system. 
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ABSTRACT 

Studies of interactions between filamentous fusion 
phage particles and protein or nucleic acid molecules 
have gained increasing importance with recent suc- 
cesses of screening techniques based upon random 
phage display libraries (biopanning). Since a number 
of different phage are usually obtained by biopanning, 
it is useful to compare quantitatively the binding 
affinities of individual phage for the substrate used for 
selection. A procedure is described for determination 
of relative dissociation constants (/Qj Rel ) between 
filamentous phage carrying peptide fusions to the coat 



protein gplll and substrates in solution. This novel 
method is based on the measurement of phage titres. 
Phage selected from a random fusion phage library for 
binding to a monoclonal antibody or a viral structural 
protein exhibited K^ Rel values in the nanomolar and 
micromolar ranges for their respective substrates, 
thus validating the method over a wide range of 
binding affinities. 

INTRODUCTION 

Libraries of phage displaying random peptide sequences are 
being used increasingly to identify sequences that interact 
specifically with a particular protein or nucleic acid. In some 
instances the substrate used for screening the library has been a 
monoclonal antibody and the system has been used for epitope 
mapping (1). The method can give very high resolution, defining 
"the specific amino acids involved in binding the antibody (2). 
However, the power of the random approach lies in the discovery 
of amino acid sequences that bind to proteins or specific nucleic 
acid sequences about which little or nothing is known of potential 
binding sites (3-8). In such cases, ligands isolated from the 
library frequently show little or no primary sequence motifs of 
any known proteins. These so-called mimotope sequences 
presumably resemble the structure of a potential binding site and 
therefore bind the protein (9). 

To identify mimotopes as specific ligands and subsequently 
compare them with other sequences in terms of affinity for the 



substrate used in screening it is necessary to examine \ the 
interaction quantitatively as well as qualitatively. The method 
described here provides direct comparison of the binding affinity, 
of different phage for a substrate in solution without the need to 
synthesize peptides. That the assay is performed in solution is 
crucial, since the conformation of a protein can change on binding 
to a solid phase, with a resulting change of bindmg'affinity (10). 

We have used two groups of phage that were isolated from a 
random phage display library by screening with: (i) a monoclonal 
antibody specific for the PreSl domain of the surface antigen of 
hepatitis B virus (HBV); (ii) a structural protein from the 
nucleocapsid of HBV, to determine the relative dissociation 
— eonstants-^a 1 ^ 1 ) for the interactions between the phage particles 
and their target proteins in solution. All phage were previously 
identified as specific ligands for the proteins used for screening 
the library and the selection procedures have been described 
elsewhere (2,8). The essential features of the method are that the 
substrate is incubated with the phage in solution until equilibrium 
is reached and the amount of unbound phage remaining in 
solution is then determined by adsorption on a solid phase coated 
with the substrate. The adsorbed phage are then eluted from the 
solid phase and titred, representing a value proportional to the free 
phage in the solution of the reactants at equilibrium. The titration 
of infective units (plaque forming units, p.f.u.) thereby offers a 
sensitivity that could not be achieved with most other techniques, 
as, in principle, one free phage particle can be detected. Scatchard 
plots of such results from a series of reactions at a range of protein 
concentrations deliver i^d ReI values. 

MATERIALS AND METHODS 

Phage particles and proteins 

Phage particles B1-B4 are specific for the HBV core antigen 
particle (HBcAg) and were isolated from a random hexapeptide 
phage display library (1 1) by three rounds of biopanning against 
HBcAg adsorbed on nitrocellulose discs (8). HBcAg was 
expressed in Escherichia coli (12). Phage particles E2-16, E2-17, 
E4-2 and E4-4 are specific for the monoclonal antibody MAI 8/7,* 
directed against the PreSl protein domain of HBV surface 
antigen (13), and originated from rounds two and four of a 
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biopanning procedure using the same random hexapeptide 
phage display library and MA 1 8/7-coated wells of an ELISA 
plate (2). 

Large scale preparation of phage particles 

Phage particles were purified from the supernatant of 500 ml 
overnight cultures of infected E.coli K9 lKan cells by polyethy- 
lene glycol precipitation and CsCl gradient centrifugation, as 
described by Smith and Scott (14). 

Determination of phage titre as plaque forming units 
(p.f.u.) 

Phage solutions were diluted serially in TBS (0.05 M Tris-HCl, 
pH 7.5, 0.15 M NaCl) containing gelatin (1 g/1) and aliquots of 
these dilutions (100 uJ) were added to a suspension of K91Kan 
cells (400 ill) at ODeoo 0.2 (1/10 dilution). Melted soft agar (3 
ml) was then poured into the tubes containing the suspension of 
phage and host cells and the mixture poured on agar plates 
containing kanamycin (100 uJ). The plates were incubated 
overnight at 37 °C and plaques counted the following day. 

Phage binding assay on solid phase 

U-shaped wells of 'high capacity* polystyrene strip plates 
(#2585; Costar) were coated with protein [20 |ig/ml HBcAg in 
25 mM potassium phosphate, pH 7.5, 150 mM NaCl (PBS) or 
1 u,g/ml MA 18/7 in 0.2 M ammonium bicarbonate buffer, pH 
9.6; volume 200 p.1] overnight at room temperature, washed 
three times with TBS and blocked for 2 -h-atTOom temperature*™ 
by adding TBS containing bovine serum albumin (BSA) (200 
pi, 10 mg/ml). After three further washes with TBS, wells were 
filled with various concentrations of purified phage particles 
diluted in TBS buffer containing 0.2 mg/ml BSA, 0.02% NaN 3 
(10 7 -10 10 p.f.u./200 pi) and incubated for 1 h at6°C. After 1 h 
the phage solutions were removed from the wells and the plates 
were then washed 10 times with TBS containing 0.2 mg/ml 
BSA and bound phage eluted by incubation with elution buffer 
(200 pi, 0.1 M HC1, titrated to pH 2.2 by addition of solid 
glycine) for 10 min. Eliiates were neutralized with 40 pi 1 M 
Tris-HCl, pH 9.5, and the phage titres determined. Triplicate 
measurements were made at each phage concentration. 

For time course experiments five identical sets of plates were 
prepared with coating conditions as above and the input phage 
concentrations were kept constant (200 pi, 10 8 p.f.u./well). 
Each plate represented a point on a time course with incubation 
"\mes of 10, 31, 100, 316 and 1000 min (corresponding to 
Jlf-log intervals). After each incubation period the relevant 
fate was treated as described above and the bound phage 
'^\d and titred. 



inding assay in solution 

edure was adapted from Friguet et al (15). First,.the 
~IBcAg or MAb) were incubated in solution with the 
age particles until equilibrium was reached (18 h). 
a^^binding of phage B 1 to HBcAg this was attained 
he antigen at various concentrations (0.32-10 
1 with a constant amount of phage ( 1 0 9 p .f .u./ml) 
containing 0.2 mg/ml BSA, 0.02% NaN 3 . After 18 h at 
100 pJ) of each mixture was transferred to the 
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Figure 1. Linear relationship between input and output p.f.u. from wells coated 
with HBcAg or monoclonal antibody. Varying input concentrations of either 
phage Bl (O) or phage E4-4 (#) were incubated for 1 h on polystyrene wells 
coated with either HBcAg or MAI 8/7 respectively and the number of bound 
phage (output) determined by titrating eluted p.f.u. Assays were performed in 
triplicate and error bars represent the deviation from the mean. 



wells of a U-shaped, polystyrene, radioimmunoassay strip plate" 
that had been coated with HBcAg as described above. After 1 h 
at 6°C the wells were washed 10 times with TBS supplemented 
with 0.2 mg/ml BSA. Bound phage were then eluted, neutralized 
and titred as described above; all assays were performed in 
"^plicate. In the case oiblnding ph^gTB^-an^B3Io~HBcAg, the : 
antigen concentration was varied from L58 to 50 |iM and for 
phage B4 the antigen concentrations were varied from 0.63 to 20 ., 
uJVl. The binding assay between monoclonal antibody MAI 8/7. 
and phage was performed in the same way, except that the 
antibody concentration was varied from 0.32 to 30 nM and the, 
solid phase was coated with MA 18/7 as described. 



RESULTS 

The. method for determination of relative dissociation constants 
between fusion phage and substrate molecules in solution is 
based upon that used for the measurement of affinity constants 
in solution between antigens and antibodies (15). A constant 
concentration of fusion phage was incubated with varying 
concentrations of substrate until equilibrium was reached. The 
number , of free phage can be quantitated by incubating the 
mixture in microtitre plates coated with antigen or antibody, 
washing the wells, eluting the phage bound to the wells with 
glycine-HCl buffer, pH 2.2, and quantitating the phage in the 
eluate by titration of p.f.u.. To show that the phage concentration 
in the eluate reflected the free phage concentration in the 
reaction mixture, varying concentrations of phage (input) were 
incubated in microtitre wells coated with antigen or antibody for 
1 h, the wells were washed and bound phage eluted (output) and 
titred. The output p.f.u. was directly proportional to input p.f-U. 
over a two log range for fusion phage Bl and E4-4 (Fig. 1). 
which differ greatly in their binding affinities (Table 1). The 
standard error involved in measuring phage titre varied between 
5 and 10%. 
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Figure 2. Time course of phage binding to substrate-coated solid phase. Fusion 
phage (10 s p.f.u.) E4-4 (#) or Bl (O) were incubated on polystyrene wells 
coated with either MA 18/7 or HBcAg respectively for different periods of time 
and bound phage determined by titrating eluted p.f.u. Points represent the 
average of three assays and error bars the deviation from the mean. 



Table 1. Relative dissociation constants and characteristics of phage analysed 



Phage 


gpHI fusion a 


Specificity 






Bl 


LLGRMK 


HBcAg 


0.1510.01 uM 


0.17 ±0.01 uM 


B2 


YLLRFR 


HBcAg 


1.4 ±0.1 |JjM 


1.5 + 0.1 uM 


B3 


LLGRLK 


HBcAg 


1.1 ±0.1 uJvl 


1.1 ±0.1 mM 


B4 


LLGRFK 


HBcAg 


0.56 ± 0.02 uM 


0.64 ± 0.03 [lM 


E4-2 


PDPGFN 


MA18/7 


0.17 ±0.02 yM 


0.2 nM 


E4-4 


QLDPGF . 


MAI 8/7 


0.25 ± 0.02 nM 


0.2 nM 


E2-16 


LDFVFR 


MA18/7 


0.10 + 0.01 nM 


nd d 


E2-17 


DPAFtTD 


MA 18/7 


0.22 ± 0.01 nM 


nd d 



italic indicates matching amino acids with the sequence of the PreSl antigen. 
^Relative dissociation constants calculated by linear regression of Scatchard 
plots (Fig. 3). 

Relative dissociation constants calculated by curve fitting to a hyperbolic func- 
tion (2,8). 
'Not determined. 

figure 2 shows a time course experiment in which a constant 
concentration of fusion phage (I0 8 pl.u.) was incubated with 
^Vbstrate-coated wells for different time periods. A plateau was 
bached after 5 h, with -14% of phage E4-4 bound to MA18/7- 
*>ated wells and -4% of phage Bl captured by HBcAg-coated 
hese results presumably reflect the differing strengths .of 
" i the two cases. 

efear relationship between input phage titre and output of 
" from ligand-coated wells allows the detenmnation 
; concentration at equilibrium, provided that the total 
□tration is known. Indeed, if the total phage 
'^t) is incubated with the binding substrate at any 
ktion, the free phage concentration (p) y is related 
□red in the eluate by the following equation: 




= p.f.u./p.f.u. 0 



(1) 



v here p.f. 
^sence of 
i( juid phase 



e measured for the (eluted) phage in the 
will only be true if the equihbrium in the 
;d during exposure of the mixture to the 



coated wells. It is unlikely that this will result in significant 
perturbation of the equilibrium in solution, since the number of 
phage bmding to the solid phase under the experimental 
conditions used (i.e. quantity and accessibility of the protein 
substrate coated on the wells and time of incubation of the 
mixtures in the wells) represents <5% of the total free phage 
concentration (Figs 1 and 2). To verify this, fusion phage Bl and 
E4-4 were incubated at various concentrations (in triplicate) for 
1 h with substrate-coated wells (HBcAg and MA 18/7 respective- 
ly) and the contents of each well were then transferred to another 
coated well and again incubated for the same time. The bound 
phage in the two sets of wells were quantitated as described 
previously and found to be identical, within 95% standard error 
limits. This linear relationship between input and output p.f.u. 
from HBcAg-coated wells was also demonstrated for fusion 
phage B2, B3 and B4 (data not shown). 

Since Equation, 1 was shown to be valid and if one phage 
particle binds one antigen particle or antibody molecule, the 
concentrations of bound phage (x) and of free antigen or antibody 
(a) at equilibrium can be calculated from the mass conservation 
equations: 



x = p t -p 



a = a n -x 



(2) 
(3) 



where a Q is the total concentration of antigen and p t and p 
represent the total and free phage concentrations respectively. At 
equihbrium, x, a and p t are related to the dissociation constant K d 
by the Scatchard equation (16): , - 



xJa - [p t - x]/K d 
Equation 4 can be rearranged to give: 

xf Pl a = {VKa)-(xJK d pd 



(4) 



(5) 



The gradient of a plot of xlp^a against x/p t is therefore equal to 
■~1/K 6 . Figure 3 shows Scatchard plots for phage B l-4 binding to 
truncated HBcAg (Fig. 3 A) and phage E2-16, E2-17, E4-2 and 
E4-4 binding to MA 18/7 (Fig. 3B). AT d Rel values were calculated 
''from linear regressions of the plots and show the order of affinity 
of the hexapeptides displayed on the phage for the ligands against 
which they were selected (Table 1). 

Once the linearity of the input to output ratio (Fig. 1) has been 
confirmed, up to five dissociation constants may be conveniently 
determined over a 2 day period, including data analysis. For ease 
of handling of larger numbers of plates, an image analyser may 
be used for counting plaques. 

DISCUSSION 

The method described here for measuring relative dissociation 
constants between fusion phage and ligands in solution should be 
generally applicable and enables direct comparison of the binding 
abilities of individual phage clones. However, dissociation 
constants obtained in this way should be regarded as relative 
values, since the presence of up to five copies of the gpHI fusion 
protein of the filamentous phage complicates matters. This could 
enable a single phage particle to simultaneously bind one molecule 
or particle on the solid phase and another molecule in solution or 
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Figure 3. Scatchard plots for fusion phage bound to HBcAg (A) or monoclonal 
antibody MA 18/7 (B). x is the concentration of bound phage, p t is the total 
phage concentration and a is the free substrate concentration. Measurements 
were as described in the Materials and Method. Points represent the average of 
three results. 



a single phage particle could bind to the ligand (particulary in the 
case of the HBcAg particle) via multiple interactions, thus 
enhancing the affinity. Further, since HBcAg and MA 18/7 were 
present in large excess over the fusion phage, a single phage could 
bind more than one protein molecule or particle unless steric 
hindrance played a role. 

However, these factors should remain constant when comparing 
individual fusion phage clones selected for a given substrate or a 
given phage clone for different ligands and the method described 
for measuring K^ e] is valid because two essential criteria have 
n fulfilled First, and most importantly, input and output phage 
;s are linearly related (Fig. 1), although the high affinity of 
iage E4-4 for the MAb apparently leads to saturation with inputs 
than 10 8 - 5 p.f.u. This linear relationship between input and 
phage concentrations has been observed in all cases that 
n studied, which include examples that differ by four 
magnitude in their apparent K& values. Secondly, in both 
of free phage were bound to the wells during the 1 h 
period used in the experiment (Fig. 2). Thus with both 
affinity interactions it is unlikely that the 
tween the reactants in solution is significantly 
this phase of the assay. 

fi the high affinity interactions of phage E2-16, 
E4-4 with the monoclonal antibody, the relative 
ts measured for the interactions of phage B 1-4 




with HBcAg represent moderate binding affinities (Table 1). This 
validates the method over a wide range (four orders of magnitude) 
of binding constants for reactions between phage and proteins. The 
^d Rel values (Table 1), calculated by linear regression of the 
Scatchard plots (Fig. 3), are very similar to those obtained by a 
curve fitting calculation using the same data (2 ; 8). The slight 
differences are probably attributable to the additional constraint 
introduced into the curve fitting that p = p x at zero antigen or 
antibody concentration. 

Surface plasmon resonance has been used to evaluate the binding 
of fusion phage clones to a monoclonal antibody ( 1 7), but it did not 
appear possible to determine the rates of association or dissocia- 
tion. Measurement of phage titre offers greater sensitivity com- 
pared with refractive index changes at the surface of the sensor 
chip. For example, phage concentrations greater than 10 1 1 p.f.u./ml 
were required to observe a signal above background in the surface 
plasmon resonance experiments, whereas here concentrations of 
1 0 9 p.f.uVml were employed and, in principle, this could be much 
lower. Additionally the determination of phage litres involves 
minimum expense. 

The procedure described here for calculating relative dissocia- 
tion constants between fusion phage and substrates in solution 
should find wide application in the growing field of selection of 
peptide ligands to complex macromolecules and assemblies by the 
use of phage display libraries (3,8,18). After the selection process 
has been completed and amplified phage clones sequenced, it is 
necessary to confirm that the selected phage bind to their substrate 
in solution and to compare relative binding affinities between the 
various phage clones. The procedure described here achieves both 
t hese objectives. Further, the choice of synthetic peptides for 



competition studies is facilitated by comparing binding affinities 
for the same ligand of fusion phage with varying amino acids in 
their displayed peptide sequences. Although examples do exist 
where the gpHJ protein context contribute significantly to the 
binding affinity of the fusion phage for the substrate (19), it is 
expected that the relative order of binding of a set of fusion phage 
will be similar to that of the free peptides. In addition, for the 
examples discussed here the free peptides were synthesized and 
found to bind the selected substrates (2,8). The method may also 
find use in studying structure-function relationships where whole 
protein domains, such as human growth hormone (20), zinc finger 
domains (7,21) or antibodies (22), have been expressed on 
filamentous phage. Therefore, it should be possible to rank affinity 
variants in the phage-associated form without the need to purify 
free domains. 
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Isolation and properties m three lectins from mistletoe {Viscum album L.) 
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Three lectins have been isolated from an extract of mistletoe {Viscum album) by affinity 
chromatography on partially hydrolysed Seph arose and human immunoglobulin— 
Sepharose. The lectins differ in molecular weight and sugar specificity (lectin I, mol.wt. 
115 000, D-galactose- specific; lectin II, mol.wt. 60000, both D-galactose- and 
TV-acetyl-D-galactosamine-specific; lectin III, mol.wt. 50000, iV-acetyl-D-galactos- 
amine-specific). All three lectins react with human erythrocytes without specificity for 
the A, B and O blood groups. In contrast with abrin and ricin the mistletoe lectins 
cannot be divided into 'toxins' and 'haemagglutinins'. 



Since ancient times the toxic seeds of jequirity 
(Abrus precatorius; Leguminosae) and castor bean 
{Ricirius communis; Euphorbiaceae) have been used 
in folk medicine for the treatment of different 
diseases. It is now known that both plants contain 
toxic lectins with D-galactose specificity. Likewise, 
preparations from mistletoe {Viscum album; 
Loranthaceae) have been used therapeutically for 
thousands of years, and this plant also has a toxic 
lectin with galactose specificity. 

A comparison of the well-investigated castor- 
bean and jequirity lectins ricin and abrin with the 
lectin(s) of mistletoe seemed worthwhile. After 
having investigated the possibilities of purification of 
mistletoe lectin (s) by. use of affinity chromato- 
graphy (Franz et al., 1977; Ziska et aL t 1978), we 
now report the isolation and identification of three 
different lectins from mistletoe and discuss possible 
relationships between the lectins of the three plants. 

Materials and methods 

The lectins were isolated from ground plant 
material from mistletoe grown on the locust tree 
(Robinia pseudoacacia) by using affinity chromato- 
graphy. Lectin I was isolated using acid-treated 
agarose as carrier (Ziska et aL, 1978), The non- 
adsorbed material was applied to a column 
(2.6 cm x 30 cm) of immunoglobulin-Sepharose and 
the column was washed with 0.15M-NaCl. The 
affinity adsorbent had been prepared by coupling 
human immunoglobulin, mainly immunoglobulin G, 
to CNBr-activated Sepharose 4B (20mg/ml of gel). 

Lectin II was eluted with 0.2 m- D-galactose in 
0.15M-NaCL The fractions containing the haemag- 
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glutinating protein were pooled, dialysed against 
water and freeze-dried. After the lectin II had been 
displaced from the column,Jectin III was eluted with 
0.2M-glycine/HCl buffer, pH2.6. The fractions con- 
taining active material were pooled and neutralized 
with Na 2 C0 3 . The neutral solution was put on a 
column (1.5 cm x 30 cm) of Sepharose— N- (6- amino- 
hexanoyl)-^-D-galactosamine (Gordon et aL, 1972). 
The column was washed and the lectin III was eluted 
with glycine/HCl bufTer,. pH2.6. The hae- 
magglutinating proteins were pooled, dialysed 
against water and freeze-dried. Haem agglutinating 
activity was determined in a 1% suspension of 
washed human erythrocytes by using the micro- 
titrator of Takatsy (1967). Haemagglutination-in- 
hibition tests were performed as follows: to 0.05ml 
of a 2-fold serial dilution of carbohydrate, 0.025 ml 
of lectin solution with a haemagglutinating activity 
of 4 units was added. After incubation at 37 °C for 
1 h, 0.025 ml of a 2% human erythrocyte suspension 
was added. After 2h at 37°C the degree of 
agglutination was estimated. Stock solutions of 
0.2M-carbohydrate in 0.15M-NaCl were prepared. 
T.l.c. for determination of the molecular weight was 
performed with Seph adex G- 200 (Superfine grade). 
Proteins with known molecular weights were used as 
markers [cytochrome c (12400), chymotrypsinogen 
(25 700), ovalbumin (45 000) and bovine serum 
albumin (68000)]. 

For poly aery lamide-gel disc electrophoresis the 
method of Maurer (1968) was used; 7.5% poly- 
acrylamide gels were used in a 35mM-/?-alanine/ 
acetic acid buffer of pH4.3. The molecular weights 
of the lectin chains were obtained in 10%-poly- 
acrylamide gels in the presence of 1% sodium 
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dodecyl; sulphate. -The lectins were treated with 1% 
sodium doclecyl sulphate and 1 % /?-mercaptoethanol 
(Weber :<fe Osborh, 1969). Staining was performed 
with Coomassie Brilliant Blue R250 (for proteins) 
and periodic acid/SchifT reagent (for glycoproteins; 
Fairbanks et ah, 1971). 

Anti : (lectin I) serum was prepared as follows. The 
purified lectin I was treated with 1% formaldehyde in 
O.lM-phosphate buffer, pH7.5, for 3 days at 37°C, 
and excess formaldehyde was; removed by dialysis 
against 0.85% NaCl solution^ Immunization of a 
rabbit was initiated by subcutaneous injection of 
0.5 mg of protein in complete Freund's adjuvant, 
followed by 0.5 mg booster doses with Freund's 
incomplete adjuvant intracutaneously every week. 
The antiserum used was obtained 6 weeks after the 
first immunization. 

Results 

By using affinity chromatography with different 
carriers we have been able to; isolate three lectins 
from crude extracts of mistletoe. The isolation, 
properties and chemical modification of D-galac- 
tosyl-specific lectin I was published previously 
(Ziska et al, 1978, 1979). Only lectin I is bound by 
parti ally-hydrolysed Sepharose. After separation of 
the lectin I, the extract contains two lectins, which 
are adsorbed by the carbohydrate moieties of the 
immobilized immunoglobulins (immunoglobulins G, 
A or M). Lectin II can be eluted from this column by 
0.2M-D-galactqse - solution. Lectin III cannot be 
eluted with 0.5M-D-galactose solution, but with 
0.2M-glycine/HCl buffer, pH 2.6. . For further 
purification the solution of lectin III is applied to a 
column of Sepharose-AT-(6-aminohexanoyl)-/?-D-ga- 
lactosamine and then eluted with glycine/HCl buffer 
(Scheme 1). 

Lectins I and II each give a single band on disc 



electrophoresis, and lectin III shows a major band 
and three faint bands (Fig. 1). After reduction with 
2-mercaptoethanol, each of the lectins shows two 
bands in poly aery 1 amide-gel electrophoresis in the 
presence, of 0.1% sodium dodecyl sulphate. Disc 
electrophoresis of mixtures of lectins I and II, and I 
and III showed that they are not identical (Fig. 2). 




Fig. 1. 7J%-Polyacrylamide-gel electrophoresis \pH4 J) 
of mistletoe lectins I, II and III 
Electrophoresis was performed at 4 mA per tube for 
2.5 h. The gels were stained with Coomassie Brilliant 
Blue R250. 



Mistletoe (lOOg) mixed with 750 ml of 0.1 5 M-NaCl 

1 -* Discard precipitate , 

Acid-treated Sepharose column 

1 Elute with 0.2 M-r>galactose: lectin I 

Effluent 

I 

Immunoglobulin— Sepharose column 
i 

Elute with 0.2 M-D-galactose: lectin II 

: 

Elute with glycine/HCl, pH 2.6 
X ' 

Neutralized 

; 

* Sepharose<^A^-(6-amin'ohexanoyl)-)3-D-galactosamiiie column 
1 ' ' ' : ;■ ' 

Elute with glycine/HCl, pH 2.6: lectin Hit 

Scheme 1. Flow sheet for the isolation of mistletoe lectins I, II and III 
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Thus lectin I, in agreement with Luther et al. (1980), 
consists of two identical non-covalently bound 
subunits. 

Lectins II and III and also the subunit of lectin I 
contain two chains linked by a disulphide bridge. 
Each of them show two bands on polyacryl- 
amide-gel electrophoresis after reduction with 2- 
mercaptoethanoL The lectins differ in their 
molecular weights (Table 1). All three lectins 
agglutinated human erythrocytes with similar 
potency, but when tested against erythrocytes from 
other species, marked differences in potency were 
observed (Table 2). The sugar specificities of the 
three lectins were different (Table 3). Agglutination 
of human erythrocytes by lectin I was strongly 
inhibited by D-galactose and a- and .^-methyl 
galactosides. Lectin II was inhibited with both 
A^-acetyl-D-galactosamine and the galactosides, 
whereas lectin III was inhibited strongly only by 
N- acetyl- D-galactos amine. 

All the six chains of the three lectins are different. 




(a) ib) ic) itf) ieY if) 



Fig. 2. Chains of mistletoe lectins produced by fi- 
mercaptoethanol treatment and analysed on sodium 
dodecyl sulphate I poly aery lamide gels 
The conditions are described in detail in the 
Materials and methods section, (a) lectin I; (b) lectin 
II; (c) lectin III; (d) mixture of lectins I and II; (e) 
mixture of lectins I and III; (/) mixture of lectins I, 
II and III. 



However, lectins II and III cross-react with anti- 
(lectin I) antibody in radial immunodiffusion. Lectins 
I, II and III are stained by period ate/Schiff reagent. 

Four of the chains of the three lectins can be 
separated, but there could be up to six different 
chains present. No mitogenic effect could be 
demonstrated on guinea-pig lymph-node cells, since 
the cells were killed within 6h by lectin I at a 
concentration of 25-80^g/ml (10 6 cells) (Scher- 
baurri et ah, 1978). Lectin I inhibits protein synthesis 
in a lysate of rabbit reticulocytes with an ID 50 
(concentration giving 50% inhibition) of 2.6/ig/mL 
This effect is enhanced (ID j0 0.2 1 //g/ml) if the lectin 
is first reduced with 2-mercaptoethanol. The lectin 
also inhibits protein synthesis by BL8L cells in 
culture. The ID 50 is 7ng/ml and the potency 



Table 2. Haemagglutination tit res 



All lectin solutions used were diluted to a titre of 
1 : 32 and made to react against human erythrocytes 



of group A. 








Titre 






Source of 


Mistletoe 






A. 
















erythrocytes 


lectin 




I 


II 


III 


Human 




1 


:32 


1 :32 


1 


32 


Goat 




1 


:2 


0 


1 


32 


Sheep 






0 


0 


1 


2 


Rabbit 




1 


:32 


1 :64 


1 


2 


Mouse 




1 


:8 


1:16 




16 


Dog 




1 


:32 


1:16 


1 


8 


Cow 




1 


:8 


0 




0 


Horse 






0 


1 :4 


1 


4 


Pig 




1 


:32 


1 :32 


1 


8 


Guinea pig 




1 


:16 


1 :64 


1 


32 



Table 3. Inhibition by sugars . 
The inhibition concentrations are expressed as 
fjmol of carbohydrate /ml ' needed for complete 
inhibition of 4 haemagglutination units. 



Concentration 



Sugar Lectin . 


f 

.. I 


K 

II 


III 


D-Galactose 


12 


12 


200 


/V-Acetyl-D-galactosamine 


200 


6 


3 


Methyl a-D-galactoside 


12 


6 


200 


Methyl /?-D-galactoside 


6 


3 


50 



Table 1 . Some properties of the mistletoe lectins 



Lectin Mol.wt/- . Carbohydrate specificity 

I 115 000 ^Galactose 

II 60000 D-Galactose/A^acetyl-D-galactosamine 

III 50000 W-Acetyl-r>-galactosamine 



Blood -group 
specificity 
None 
None 
None 



No. of 
chains 

4 

2 

2 



Mol.wts. of chains 
34000 and 29000 
32000 and27000 
30000 and 25000 
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decreased after reduction of the lectin (Stirpe et aL, 
1980). 

Discussion ' 

Crude mistletoe extract contains three lectins with 
different, molecular weights and differences in 
specificity. Disc electrophoresis showed that lectins 
II and III are not simple monomers of lectin I . 

All three of the isolated lectins agglutinate human 
erythrocytes and react with immunoglobulins. A 
single mistletoe lectin described by Luther et aL 
(1980) may not be homogenous, because they used 
glutar aldehyde-fixed erythrocytes for the isolation of 
the lectin. Neither crude mistletoe extract nor 
solutions of purified lectins I, II and III show any 
specificity for human blood groups. Therefore all 
three lectins from mistletoe bind to human ery- 
throcytes. These results are in contrast with the 
findings of Luther et ah (1973), who detected a 
B -blood-group specificity in mistletoe extracts. Im- 
mobilized immunoglobulins are useful for the affinity 
chromatography of mistletoe lectins (Franz et aL, 
1977). When applied in conjunction with partially 
hydrolysed Sepharose, it is possible to fractionate 
the three lectins: Insolubilization of the immuno- 
globulins can be achieved in three ways: (1) 
cross-linking /with glutaraldehyde; (2) heat 
aggregation; (3) fixation on CNBr-activated Seph- 
arose^ Pretreatrnent ' with neuraminidase is not 
necessary for the. immunoglobulin to bind the lectins. 

Lectin I from mistletoe was shown previously to 
be highly toxic (Stirpe- et aL, 1980). Preliminary 
results indicate that lectins II and III are also toxic. 
The . inistletoie lectins, like those from Abrus pre- 
catorius and Ricinus communis, comprise species 
with either two (lectins II and III) or four (lectin I) 
chains. It has yet to be determined whether the 
different chains of the three mistletoe lectins functio- 
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nally correspond to the A- and B-chains of abrin and 
ricin (Olsnes & Pihl, 1976). It is clear, however, that 
the mistletoe lectins cannot be classified as either 
toxic or haem agglutinating species. 

Viscotoxins, toxic peptides comprising 46 amino 
acids, extracted from mistletoe, have been in- 
vestigated by Samuelsson (1973). It would be 
interesting to see whether the primary sequences 
described for the viscotoxins also appear in the 
mistletoe lectins. 
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Evaluation of protocols for purification of 
mouse monoclonal antibodies 

Yield and purity in two-dimensional gel electrophoresis 
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Protocols for purification of mouse monoclonal antibodies (MAbs) from nude mice ascites 
investigated in order to assess the yield and to compare the purified products in two-dimensional gel 
electrophoresis (2DGE). Three MAbs (one IgG2 and two IgGl), selected for their differing behaviours 
towards protein A, were purified by ammonium sulphate precipitation and/or gel filtration, anion 
exchange (DEAE), hydroxylapatite and affinity (protein A) chromatography, or by a combination of these 
methods. Protein A constantly provided the highest purity whatever, the IgG subclass. The best results in 
terms of yields and purity were a function of the optimization of the protein A protocol. In our study, they 
were obtained in a 3 h protocol (IgG2), a 16 h protocol with disc ontinuous pH gradient method (IgGl 
with sufficiently high affinity for protein A) or a multi-step protocol invohang DEAE and protein A (IgGl 
with low affinity for protein A). DEAE chromatography alone provided a slightly better yield, but only 
moderate purity. Hydroxylapatite chromatography appeared to be less potent in terms of yield, purity and 
day-to-day reproducibility. Salt precipitation and gel filtration enabled only relative enrichment of the 
MAb solution. Some degradation products of both heavy and light chains clearly appeared in the 2DGE 
patterns of antibodies purified by different protocols, and seem to be partly related to the elution pH and 
to the duration of the purification procedure. Finally, this work highlights considerable heterogeneity not 
only between two different MAbs of the IgGl subclass but also within a monoclonal population of 
immunoglobulins. 



Key words: Monoclonal antibody; Immunoglobulin IgG purification; Protein A; Hydroxylapatite; Anion exchange; Two-dimensional gel 
electrophoresis 
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Introduction 

Over the past decade, hybridoma technology 
has led to the production of highly specific mono- 
clonal antibodies (MAbs) directed against a single 
epitope (Kohler and Milstein, 1975). After cloning, 
antibody-producing cells are allowed to grow either 
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in vitro or, more commonly, in the mouse peri- 
toneal cavity. Next, a purification procedure is 
required to obtain from either cell supernatants or 
ascitic fluids a sufficiently pure MAb for further 
use. 

Several methods of purification from ascitic 
fluids have been proposed: the most frequently 
described protocols involve salt precipitation 
(Na 2 SQ 4 , (NH 4 ) 2 SQ 4 ), anion' exchange chro- 
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matography (DEAE) (Godin, 1980) and affinity 
chromatography (protein A) (Ey et aL, 1978). 
Polyethylene glycol (PEG) or ethanol precipita- 
tion, gel filtration (Phillips et aL, 1984), HPLC 
(Burchiel et aL, 1984) and more recently cation 
exchange chromatography (Carlsson et ah, 1985) 
or hydroxylapatite chromatography (Stanker et aL, 
1985) have been also proposed. The advantages of 
each method are to be compared in terms of yield, 
cost, ease of use, rapidity and purity, For some 
applications, the nature and the level of impurities 
is not critical, and relatively crude purification 
protocols are sufficient. In contrast, such applica- 
tions as labelling of the MAb require highly puri- 
fied products. For in vivo applications (im- 
munoimagery and targeting), the use of con- 
tamination-free MAbs is important to decrease 
non-specific background (Kennel et aL, 1983) and 
to avoid generation of host antibodies against 
irrelevant compounds. 

The aim of this work. was. lQ_compare_seyeraL 
easily performed one-step or multi-step purifica- 
tion protocols, paying special attention to yield 
and impurity patterns. We have studied protein A, 
DEAE, hydroxylapatite, and gel filtration chro- 
matography as well as salt precipitation used alone 
or in combination. For control of purity, we have 
chosen two-dimensional ge] electrophoresis (2DG£ 
(O'Farrell, 1975)) with silver staining as an ana- 
lytical tool because of its high resolution and 
sensitivity. 

The conclusions drawn in our study may be 
extended to most MAbs and provide both qualita- 
tive and quantitative information which should be 
useful in the final selection of purification proto- 
cols. 

aterials and methods 

(rS^^ uction of monoclonal antibodies (MAbs) 
V^^Three mouse monoclonal antibodies directed 
^st. human a-fetoprotein (AFP) were used. 
5y)were produced in our laboratory and are 

' to as AF01, AF04 and AF08. 
-ff^mimunization protocol chosen for genera- 
tWerf^VFOl involved 5 AFP injections into 
t/ffi^^jruce, as described previously (Bellet et 
aI\^£2S4?^For AF04, the protocol involved five 
inj&etioris:\H Mg s . c . i n FCA (day 1), 15 fig Lp. in 






FIA (day 98), 50 fig i.p. in FCA (day 118), 15 fig 
i.p. in NaCl (day 119) and 50 jug i.v. in NaCl (day 
120). AF08 was produced after immunization with 
only two injections: 15 jug s.c. in FCA at day 1 
and 15 fig i.v. in NaCl at day 160. 

Cell fusions were performed 3-4 days after the 
last injection by incubating 2-3 X 10 6 NS1 mouse 
myeloma cells with 2-3 X 10 7 mouse spleen cells 
in 40% polyethylene glycol (MW 1000) except for 
AF01, where 5 X 10 6 Sp2/0-Agl4 mouse myeloma 
cells were incubated with 5 X 10 7 spleen cells. 
Hybridoma supernatants were screened for anti- 
AFP activity in a radioimmunoassay using 125 1- 
labelled AFP ( 125 I-AFP) and precipitation by 
polyethylene glycol (MW 6000). 

Anti-AFP antibody-producing cells were cloned 
twice by limiting dilution, and ascitic fluids were 
produced by i.p. inoculation of nude mice with 
5-10 X 10 5 hybridoma cells. 

~Purifica4ion^OMd^har^Gte^i^twn^ 



(A) Precipitation by ammonium sulphate. The 
ascitic fluids were filtered on Whatman (Maid- 
stone, England) filters and precipitated by drop- 
wise addition of an equal volume of a saturated 
solution of ammonium sulphate at 4°C. After 1 h 
of continuous stirring, the resulting pellet was 
separated by centrifugation (15 000xg, 30 min) 
and dissolved in distilled water (1 : 5 of the initial 
ascites volume). 

(B) Gel filtration chromatography. The filtered 
ascites of AF04 (on 0.45 >m Millex-HA filters, 
Millipore, Molsheim, France) was directly purified 
on a 16X 700 mm Sephacryl S200 (Pharmacia) 
column equilibrated with 0.1 M, pH 7.4 sodium 
phosphate buffer (flow rate 10 ml/h). 

( C) Ion exchange chromatography (DEA E ). The 
filtered ascites were dialyzed overnight at 4°C 
against 0:01 M, pH 8.0 Tris-HCl buffer and ap- 
plied to a 40 ml DEAE-Sephacel column (Phar- 
macia, Uppsala, Sweden) equilibrated with the 
same buffer. 

The elution was performed overnight at 4°C 
using a 300 ml NaCl linear gradient (0-0.3 M in 
pH 8.0, 0.01 M Tris HC1 buffer) (flow rate 30 
ml/h). 

(D) Protein A (prot. A) affinity chromatography. 
Three protocols using prot. A-Sepharose 4B 
(Pharmacia) were tested. 
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Protocol 1: this method, called fast batch purifi- 
cation, involved filtration of up to 7 ml of ascitic 
fluid on 0.45 fxm Millex-HA filters and chro- 
matography on a 5 ml prot. A-Sepharose column. 
This column was first washed with 0.05 M, pH 2.2 
sodium citrate buffer and equilibrated with 0.1 M, 
pH 8.5 sodium phosphate buffer (PB). After appli- 
cation of the sample, the column was incubated 
for 1 h at 4°C and thereafter washed with 50 ml of 
PB (flow rate 50 ml/h). The prot. A-bound pro- 
teins were then eluted by 20 ml of pH 5 sodium 
phosphate buffer. Such a protocol allowed a 3 h 
purification. Regeneration of the column was per- 
formed by successive elution of 50 ml of 0.05 M 
pH 2.2 sodium citrate buffer and 50 ml of pH 8.5 
phosphate starting buffer. 

Protocol 2; this standard protocol involved am- 
monium sulphate precipitation (up to 30 ml of 
ascites) as described above and overnight dialysis 
at 4°C against 0.1 M, pH 8.5 phosphate buffer. 
Next, the sample" was applied" to"*a"10~ mi"Seplr^ 
arose 4B-prot. A column equilibrated with the 
same buffer and the flow rate was adjusted to 10 
ml/h. Elution was performed at 25 ml/h using a 
discontinuous pH gradient, according to Ey et al. 
(1978), with steps at pH 8.5, 5.8, 4.5, 3.5 and 2.2. 
An automatic Ultrograd gradient mixer (LKB, 
Orsay, France) was used for this purpose. 

Protocol 3: a third method combining salt pre- 
cipitation, DEAE and prot. A chromatographies 
was used to purify IgGl antibody displaying a low 
affinity for prot. A (AF04). The ascites were pre- 
cipitated by ammonium sulphate and chromato- 
graphed on DEAE as described above. The anti- 
body-containing fractions, detected by im- 
munoreactivity measurements, were collected, 
concentrated and dialyzed against 0.1 M, pH 8.5 
phosphate buffer. The sample was then further 
purified by prot. A as described in protocol 2. 

Protocol 3b: the homogeneity of the protocol 
3-purified AF04 was assessed by a further prot. A 
purification using the same discontinuous pH 
gradient as in protocol 2. 

(E) Hydroxylapaiite chromatography. Hydrox- 
ylapatite chromatography was performed accord- 
ing to Stank er et al. (1985) with several modifica- 
ons; 1-30 ml of ascitic fluid, previously filtered 
>H 0.45 i±m Millex-HA filters (Millipore), were 
OT^lied at 4°C to a 16 x 200 mm column contain- 



ing HTP DNA grade hydroxylapatite (Bio-Rad) 
equilibrated with 0.01 M, pH 6.8 sodium phos- 
phate buffer (buffer HA). The bound proteins 
were then eluted with 500 ml of 0-0.3 M linear or 
discontinuous NaCl gradient (pH 6.8) at 4°C. The 
flow rate was adjusted with a peristaltic pump at 
30 ml/h and 5 ml fractions were collected. Col-^ 
umns were regenerated by washing with 150 ml of 
0.5 M, pH 6.8 sodium phosphate buffer, followed 
by 150 ml of 1 N NaCl and then equilibrated with 
the buffer HA. 

(F) Storage of the MAbs. Except for the fast 
batch purification, all chromatographies were con- 
tinuously monitored by 280. nm transmission mea- 
surement. Fractions corresponding to the sections 
of the 280 nm profile were collected, pooled and 
concentrated in ultrafiltration cells fitted with a 
XM50 membrane (Amicon). Their volume and 
protein concentration were determined (Bio-Rad 
Prot-Assay). Antibodies were kept frozen at 

1 ~=-^ £L G^i-tner^oncentra^ 
tions ( > 1 mg/ml) or diluted in protein-contain- 
ing buffers. 

(G) Characterization of the MAbs. Anti-AFP 
MAb class and subclass were found to be either 
IgG2 (AF01) or IgGl (AF04 and AF08), as de- 
termined by double-antibody RIA with 125 I-AFP 
and goat antiserum specific for mouse IgM, IgA, 
IgGl, IgG2ab, IgG3 (Nordic, Tilburg, The 
Netherlands). 

Affinity constants of the anti-AFP MAbs were 
determined with a double-antibody RIA technique 
by measuring the binding of 125 I-AFP in the pres- 
ence of increasing amounts of AFP and calculated 
by Scatchard plot analysis (Scatchard, 1949). Af- 
finity constants of AF01, AF04 and AF08 are 
1.6 X10 10 M" 1 , 0 : 8xl0 10 M~ ] and 1.1 X 10 10 
M~\ respectively. 

Two-dimensional gel electrophoresis 

The samples (0.5-3 mg protein/ml) were di- 
luted with an equal volume of a mixture composed 
of. 9 M urea, 4% NP40, 5% glycerol, 10 mM 
dithiothreitol and 2% ampholytes (Ampholines 
3.5-10, LKB, Orsay. France), and incubated for 2 
h at 25°C. Next, 15 jul of analyzed solution were 
applied to prefocused gels. Isoelectric focusing 
was performed for 14000 V x h on 1 mm diameter 
cylindrical gels containing 4% acryl amide, 2% 
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NP40, 9 M.urea and 2% of a mixture of ampho- 
lytes 3.5-10 (LKB), 3-10 (Serva, France) and 
3-10 (Pharmacia) at a ratio of 2:2:1 ; respec- 
tively. Focused gels, equilibrated in the migration 
buffer for 5 rnin at 25 °C, were laid on lop of the 1 
mm thick second-dimension resolving gel. This 
latter contained 13.5% acrylamide, and separation 
was performed at 20°C according to Laemmli 
(1970) in a Sebia SM 2 . device, as previously de- 
scribed (Motte et.al., 1984). The gels were finally 
fixed and silver-stained according to a recent mod- 
ification (Blangardin et al., 1984) of Oakley's pro- 
cedure (Oakley et a}., 1980). 

Immunoreactivity measurements 

Liquid phase radioimmunoassay (RIA). R1A 
was performed, by incubating overnight at 20°C, 
100 ii\ of 12i I-labelled AFP (10 4 cpm/100 /il) 
(Commissariat a TEnergie Atomique, Saclay, 
France) with 100 /il of various dilutions of anti- 
bodies in PBS (Na 2 HPO 4 ^0.01 M v NaGl 0:1'5~M~ 
pH 7.4). The antibody- antigen complex was pre- 
cipitated by 1 ml of 20% PEG 6000 (w/v in PBS) 
in the presence of 100 /il of 1 : 3 diluted normal 
human serum (NHS) in PBS. After mixing and 
centrifugation, the radioactivity of the resulting 
pellets was measured in a gamma-counter. 
# Expression of the immunoreactivity results. 
Protein quantities were always expressed relative 
to 1 ml of the involved ascites. Immunoreactivity 
was determined by RIA on samples whose protein 
concentration was adjusted to 10 5 ng/ml and 
thereafter serially diluted up to 1 ng/ml. Then, 
the concentration of proteins displaying 50% of 
maximum specific binding of radiolabeled anti- 
;en was graphically determined. The inverse of 
' is value was defined as the specific anti-AFP 
tivity (ml/mg). 



2DGE maps 

J mouse serum was subjected to 2DGE 
obtain reference patterns of mouse 
>ot identification was performed by 
with previously published human 
maps (Anderson and Anderson, 
iuer and Hagedorn, 1980; Tracy et 




<ko>; 




Fig. 1. 2DGE patterns of normal mouse serum (A), AF04 
crude ascites (B) and salt-precipitated AF04 (C). Some pro- 
teins were identified and highlighted with boxes or arrows. 
Namely, albumin (AL), transferrin (TR), alpha-acidic proteins 
(AP) : IgG heavy chains (IgG H ), IgG light chains (IgG L ), 
AF04 MAb heavy (MAb H ,H) and light (MAb L ,L) chains. 
Protein amounts applied: 20 /ig (A), 20 fig (B) and 17 fig (C). 

al., 1982). As illustrated in Fig. 1A, many mouse 
proteins exhibited migration profiles similar to 
human ones. The typical protein content of mouse 
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ascites is shown in Fig. IB. Both heavy and light 
chains of the monoclonal antibody secreted by the 
injected hybridoma were clearly seen as major 
proteins of the ascitic fluid. As previously de- 
scribed (Pearson and Anderson, 1983), the heavy- 
and light -chain electrophoretogram is typical for a 
given MAb and each chain constantly exhibits 
about 3-8 subpopulations with different isoelec- 
tric points (pHi). 

Ammonium sulphate precipitation 

Salt precipitation of the ascites was performed 
before prot. A purification (protocol 2). More than 
90% immunoreactivity was recovered in the pellet 
(Tables I, II and III). A typical pattern of the 
(NH 4 ) 2 S0 4 -precipitated fraction of ascites fluid 
(AF04) is shown in Fig. 1C: in fact, this technique 
led to an enrichment of the MAb rather than to 
real purification. High molecular weight and acidic 
proteins seem to be removed preferentially from 
the ascites by this method. " " ' r 



Reference purification method: prot. A chromatogra- 
phy (standard' protocol) 

The results of immunoreactivity and yield are 
presented in Tables I (AF01), II (AF08) and III 
(AF04). 

Using sulphate-precipitated ascites and elution 
from prot. A with a discontinuous pH gradient 
(protocol 2), the elution of AF01, an IgG2, was 
not expected at a pH higher than 4.5 (Ey et al., 
1978). In fact, the main fraction (44%) of the 
immunoreactive material was released at pH 5.8, 
as shown in Table L Moreover, a longer elution 
time at this pH enhanced this ratio, but did not 
lead to complete elution of the bound monoclonal 
antibody (results not shown). This observation 
suggested heterogeneity in behaviour towards prot. 
A in the MAb population. Most of remaining 
immunoreactivity was eluted at pH 4.5 (25%). 

Results obtained with AF08 (IgGl) demon- 
strated that the bound fraction of the MAb was 
partly released at ptTK^r(T4%) whereas 68"%^were~ 



TABLE I 

PURIFICATION AND YIELD OF AF01 MOUSE MONOCLONAL ANTIBODY USING VARIOUS PURIFICATION PROCE- 
DURES 



Crude ascites 
Ammonium sulphate 

Hydroxylapatite 
DEAE 

Prot. A batch 
Prot. A protocol 2 




Fractions 



Specific 
anti-AFP 
activity a 
A 



Factor of 
purification 
B = A/Aj 



Protein 
mg/ml 
ascites 
C 



Yield 56 
protein 

z> = c/c r 



Yield % 
activity 
E= D X B 





33 000 (y*,) 


3.0 


28.0 (C,) 


100.0 


100.0 


Precipitate 


65 000 


2.0 


12.8 


46 


90 


Supernatant 


1300 


0.04 


12.8 


46 


2 


LOmMCl- 


90 


< 0.01 


9.5 


34 


<0.1 


2: 50 


1600 


0.05 


3.2 


11 


0.6 


3: 220 


154000 


4.7 


2.9 


10 


47 


1: 60 mM CI " 


175 000 


5.4 


4.2 


15 


81 


2: 90 


13 000 


0.4 


0.4 


1.4 


0.6 


3: 140 


7000 


0.2 


1.3 


4.6 


LI 


4: 160 


20000 


0.6 


11.5 


4.1 


2.4 


Unbound pH 8.5 


100 


<0.01 


23.3 


83 


<0.1 


Eluate pH 5.0 


290000 


8.8 


3.0 


11 


94 


1: pH 8.5 


1000 


0.03 


9.0 


32 


LO 


2: pH 5.8 


320000 


9.5 


1.3 


4.6 


44 


3: pH 4.5 


250000 


7.7 


0.9 


3.2 


25 


4: pH 3.5 


53000 


1.6 


0.1 


0.4 


0.6 



^ecific anti-AFP activity is defined as the dilution of a solution containing 3 mg protein per ml required to attain 50% of 
ia>fimum specific binding of radiolabeled antigen. 
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TABLE II 

PURIFICATION AND YIELD OF AF08 MOUSE MONOCLONAL ANTIBODY USING VARIOUS PURIFICATION PROCE- 
DURES 





Fraction 


Specific 
anti-AFP 
activity 
A 


Factor of 

purification 

B^A/A^ 


Protein 
mg/ml 
ascites 
C 


Yield % 
protein 
D = C/C, 


Yield % 
activity 
E= DXB 


Crude ascites 




46 700 MO 


1.0 


26.0 (C,) 


100.0 


100.0 


Ammonium sulphate 


Precipitate 


70000 


1.5 


16.1 


62 


93 




Supernatant 


. 2100 


0.04 


10.0 


38 


1.5 


Hydroxylapatite * 


l:0mMCr 


230 


<0.01 


10.5 


40 


0.2 




2: 170 


130000 


2.8 


5.8 


22 


62 


Prbt. A batch 


Unbound pH 8.5 


26100 


0.6 


13.0 


50 


28 




Eluate pH 5.0 

v. t r 


187000 


4.0 


4.0 


15 


62 


Prot. A protocol 2 


l:pH 8.5 


500 


0.01 


6.5 


25 


0.3 




2: pH 8.5 


121000 


2.6 


2.4 


9.2 


24 




3:pH 5.8 


210000 


4.5 


3.9 


15 


68 




4: pH4.5 


600 


0.01 


0.1 


0.1 


<0.01 


TABLE III 

PURIFICATION AND YIELD OF AF04 lV10USE~T40NO~CCONAL "ANTIBODY USING VARIOUS PURIFICATION PROCE- 
DURES 




Fraction 


Specific 


Factor of 


Protein 


Yield % 


Yield % 



anti-AFP 

activity 

A 



purification 
B^A/A^ 



mg/ml 
ascites 
C 



protein 



activity 
E= D X B 



Crude ascites 
Ammonium sulphate 

Gel filtration 



Hydroxylapatite 



DEAE 






60000 MO 


1.0 


39 (C,) 


100.0 


100.0 


Precipitate 


99000 


1.65 


22.3 


57.1 


94.0 


Supernatant 


780 


. 0.01 


14.7 


37.7 


0.5 


1 


1800 


0.03 


2.4 


6.1 


0.2 


2 - 


93000 


1.5 


3.6 


9.2 


14.2 


3 


70000 


1.2 


24.9 


63.8 


75.2 


4 


1700 


0.03 ■ 


2.5 


6.4 


0.2 


5 


3 300 


0.05 


1.3 


3.3 


0.2 


1: OmMCT 


600 


0.01 


10.4 


26.7 


0 


2: 170 


230000 


3.8 


5.7 


14.6 


55.6 


3: 250 


107 000 


1.8 


3.1 


7.9 


14.4 


1: 45 mM CI" 


120 


<0.01 


2.2 


5.6 


0 


2: 80 


204000 


3.4 


9.7 


24.9 


84.0 


3: 150 


3 900 


0.06 


18.5 


47.4 


3.1 


Unbound pH 8.5 


62000 


1.0 


32.0 


82.8 


85.0 


Eluate pH 5.0 


260000 


4.3 


0.2 


0.6 


2.8- 


l:pH 8.5 


108000 


1.08 


15.2 


3S.0 


70.1 


2: pH 5.8 


280000 


4.7 


0.2 


• 0.7 


3.1 


3: pH 4.5 


60000 


1.0 


0.1 


< G.GI 


1.0 


1: pH8.5 


9200 


0.15 


1.6 


4.1 


0.7 


2: pH 8.5 


275 000 


4.5 


4.8 


12.3 


55.3 


3: pH 5.8 


245 000 


4.1 


0.6 


1.4 


5.9 


1 : pH 8.5 


255 000 


4.3 


4.2 


10.8 


45.4 


2: pH5.8 


270000 


4.5 


0.6 


1.5 


0.9 
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eluted at pH 5.8 (Table II). Typical elution profiles 
are shown in Figs. 2A (AF01) and B (AF08). 

For AF04, this protocol resulted in the recovery 
of only 3% purified antibody in the pH 5 8 frac- 
tion. About 70% of involved MAb was released at 
pH 8.5. In fact, the 280 nm transmission profiles 
(Fig. 5^) constantly displayed two overlapping 
peaks at pH 8.5, suggesting the presence of at least 
two subpopulations of proteins with different af- 
finity for prot. A. Attempts to improve the sep- 
aration of these two fractions by increasing the pH 
of the elution buffer (up to 9.2) were unsuccessful. 

The 2DGE patterns of the most highly purified 
fractions of these prot. A purifications are pre- 



ELUTION TIME 



Fig. 2. 280 nm transmission chromatograms of prot. A stan- 
dard protocol. An automatic gradient mixer was used. A : AF01 
(30 ml of salt precipitated ascites); B: AF08 (20 ml of salt-pre- 
cipnated ascites). Fraction numbers according to Tables I 
(AF01) and II (AF08). 




. ■ . 

SS^^^T- * — a,o £raphy ; fractlon 

^fraction a, pH 8.5, and pH 5.0 e ua.e rlccdvelv p1 «P«*weIy. E and F: prot. A, fast batch purification, 

d). Fraction numbers as in TmT^^^Z^cT^T "tf- " ^ 6 ^ ? ^ W. » « (C D) 

<_o-pun.ied proteins (CP) as descnbed tn results. Other abbreviations as in Fig. 1. 



m 

m 

m 

mm 
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Fig. 4. 2DGE patterns of purifications of AF08.j4 : hydroxylapatit e (fraction 2); B: prot. A, sta ndard protocol, elution fraction at 
pH 5.8 (CP as in Fig. 3); C and D: prcif *A7'fasrbatch punfication, unbound fraction (pH 8.5) and pH 5.0 eluate, respectively. 
Protein amounts applied: 7 /xg (A, B, Q D\ Fraction numbers as in Table II. 



sented in Figs. 3 C and D (AF01), 4B (AF08) and 
1H (AF04). As expected, highly purified antibod- 
ies were obtained from prot. A purifications. Puri- 
fied AF08 antibody released at pH 8.5 (fraction 2, 
pattern not shown) appeared to be more con- 
taminated by mouse proteins than fraction 3 (pH 
5.8, Fig. 4B). In other respects, small amounts of 
30-45 kDa compounds were detected in the elec- 
trophoretograms of highly purified MAbs. These 
spots were designated as co-purified proteins (CP). 
Their pattern was fairly constant when the same 
ascites batch was used as a source of monoclonal 
^antibody, but could vary from one ascites batch to 
lother. However, the pHi of these CP strikingly 
Offered for each MAb, suggesting a close relation- 
between these compounds, and the antibody, 
result might be partly due to degradation of 
JAb. Indeed, in the case of AF01, a higher 
these proteins was observed in the fraction 
pH 4.5 than in the fraction released at 
="ig. 3C and D). 

this prot. A standard protocol resulted 
purified products but in a low yield for 

!>t all MAbs of the IgGl subclass. 
tfcu\ method as a reference, the three 
ifhen separately studied in order to 




select protocols able to either enhance the yield 
and the rapidity of purification or reduce the cost 
of both basic material and products without loss 
of purity. 

AF01: the example of an IgG2 

The rapid prot. A batch protocol was particu- 
larly interesting to test for AF01 : the results shown 
in Table II indicate almost complete binding of 
the antibody at pH 8.5 and an excellent recovery 
in the pH 5.0 eluate (94% immunoreactivity). The 
2DGE patterns of both pH 8.5 and pH 5.0 frac- 
tions (Fig. 3E and F) confirmed these results. 
Indeed, only trace amounts of AF01 heavy chains 
were detected in the fraction el u ted at pH 8.5 (Fig. 
3E). In contrast, the 2DGE of the pH 5.0 eluate 
displayed a very pure AF01 pattern that differed 
only slightly from that obtained with the pH 4.5 
fraction eluted during the prot. A standard proto- 
col (Fig. 3D and 3F). However, contaminating 
proteins (CP) of 30-45 kDa seemed to be present 
in greater amounts in the latter. DEAE chro- 
matography produced less purified antibodies (al- 
bumin and transferrin are clearly observed in Fig. 
3B), but there was no evidence of marked de- 
naturation. Hydroxylapatite-purified AF01 was 
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more contaminated (Fig. 3A). Moreover, 280 nm 
profiles were only weakly reproducible day-to-day, 
as was the ratio of irrelevant proteins (Fig. 3A). 

Thus, prot. A fast batch purification appeared 
to be the most efficient method for purification of 
AF01 MAb in terms of yield, purity and rapidity; 

AF08: an IgGl with a good affinity for prot A 

For this MAb, the 2 prot. A purification proto- 
cols provided a similar recovery of purified anti- 
body. However, both 2DGE analysis and im- 
munoreactivity measurements of the batch-puri- 
fied samples showed that a large proportion of 
AF08 (28%) did not bind to prot. A (Fig. 4C) at 
pH 8.5. Morebver, the fraction eluted at pH 5.0 
was more contaminated (Fig. 4Z>), by transferrin, 
albumin and alpha-acidic proteins, in comparison 
to the prot. A standard protocol (Fig. 4B). For 
hydroxylapatite, the conclusions drawn from data 
obtained with AF01 could be extended to AF08* 
the yield was relatively good (62% of immunoreac- 
tivity), but purity was only moderate (Fig. 4A). 
Thus, prot. A standard protocol provided the 
highest yield and purity for AF08 MAb. 

From an examination of all the AF08 2DGE 
patterns, it was noted that the IgG light chains of 
this MAb constantly displayed considerable het- 
erogeneity in their molecular weight range 
whatever the purification protocol used. 

AF04: an IgGl with a weak affinity for prot. A 

As expected, the batch protocol did not im- 
prove the yield of purified AF04 when compared 
to standard protocol. Moreover, the 2DGE pat- 
terns showed a sizable proportion of unpurified 
antibody in the pH 8.5 unbound fraction (Fig. IE) 
and an increased contamination of the pH 5 0 
eluate (Fig. 7G). - 

For this anubody, we attempted to improve the 
yield while maintaining purity. As shown in Table 
J1I, DEAE chromatography yielded 9.7 mg puri- 
tied MAb per ml of crude ascites, which corre- 
sponded to the recovery of * 84% of initial im- 
munoreactivity. As shown in Fig. 72* , many pro- 
teins were co-purified with the MAb. It was strik- 
ing that the isoelectric point of the contaminating 
proteins and AF04 heavy and light chains were in . 
^•ne same pHi range. This ion-exchange purified 
faction was then submitted to further prot A 
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ELUTION TIME 
Fig. 5. Purification of ARM by prot. A with discontinuous pH 
gradient (protocol 2): 280 nm transmission profiles. A' prot A 
purification of AF04 after ammonium sulphate precipitation 
and dialysis against 0.1 M pH 8.5 phosphate. Only about 3% of 
antibody was found in pH 5.8 fraction. B: purification on 
prot. A of the purest fraction obtained by DEAE chromatogra- 
phy (profile not shown); 553% of the MAb present in ascites 
was recovered in the second pH 8.5 peak. C: the second pH 8 5 
fraction of Fig. 5B was further purified on prot. A (protocol 
3b). Only one peak was seen at pH 8.5. 




ELUTION TIME 
Fig. 6. Sephacryl S200 gel filtration chromatography: 280 nm 
transmission profile. As demonstrated by RJA, most of the 
immunoreactivity was found in fractions 2 (highest specific 
activity) and 3. 
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purification. The elution profile (Fig. SB) showed 
two peaks eluted at pH 8.5. The antibody was 
recovered in the second pH 8.5 peak which con- 
tained 55% of original immunoreactivity of ascites 
and yielded 4.8 mg per ml (Table III). The first 
pH 8.5 peak corresponded to 1.6 mg proteins per 
ml of ascites, but contained less than 1% of im- 
munoreactivity. As analyzed by 2DGE, peak 1 
exhibited only minor amounts of AF04 MAb (Fig. 
71) whereas a number of other proteins was pre- 
sent. Antibody in peak 2 appeared to be almost 
ntamination-free (Fig. 7/)." In an attempt to 
ss the purity of this fraction, a 4-fold higher 
unt of protein was submitted to 2DGE (Fig. 
Artefacts due to partial precipitation of the 
ains in the focusing gel were clearly ob- 
but none of the proteins detected in peak 1 
\v\sible on electrophoretograms corre- 
to peak 2. However, some spots were 
n crife 30-50 kDa area of the gel (CP). In 
er-respMts, additional spots (Fig. 7K) corre- 



sponding to IgG light chains, appeared in this 
pattern. Comparison of patterns 7E, 71 and 7J 
clearly demonstrated the usefulness of prot. A 
purification to remove DEAE-co-purified impuri- 
ties. No differences could be observed in the 2DGE 
pattern between peaks 2 and 3 obtained from 
protocol 3 (Fig. SB), and peak 1 obtained from 
protocol 3b (Fig. 5C) (data not shown). 

The results obtained by hydroxylapatite purifi- 
cation of AF04 were not strikingly different from 
those described for AF01 and AF08. Two overlap- 
ping peaks were eluted at 170 and 250 raM NaCl 
and yielded 55.6% and 14.4% immunoreactivity, 
respectively. 2DGE analysis of peak 2 (Fig. 7C) 
indicated that numerous irrelevant proteins were 
present. Peak 3 (fig. 7D) exhibited striking con- 
tamination. Results were not improved by using 
either a discontinuous NaCl gradient or a phos- 
phate gradient at room temperature, as described 
by Stanker et al. (1985) (results not shown). More^ 
over, this technique was poorly reproducible even 
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Fig. 7. 2DGE patterns of purification of AF04. A: Sephacryl S200 gel filtration, fraction 2; B: idem, pooled fractions 2 , 3 and 4* C 
and D: hydroxylapatite chromatography, peaks 2 and 3, respectively; E: DEAE chromatography, fraction 2: F and G: prot. A batch 
purification (protocol 1), unbound fraction at pH 8.5 and eluate at pH 5.0, respectively; H: prot. A standard protocol pH 5 8 eluate- 
DEAE and prot. A purifications (protocol 3): pH 8.5 fraction 1 (/), fraction 2 (J and K). Other abbreviations as in* Fig 1 Protein* 
amounts applied: 7/ig (A, B, Q D, E t F t G\ 9/ig (//), 5 M g (/, J\ 20 fig (AT). 




after dialysis of ascites against the starting buffer. 
Overall, hydroxylapatite chromatography resulted 
in highly diluted and poorly purified antibodies. 

Gel filtration was carried out on AF04-fi]tered 
ascites. The chromatogram is shown in Fig. 6. 
Fractions were pooled on the basis of their 280 
run profiles and their inrmunoreactivity. Fractions 
2 and 3 yielded 14.2% and 75.2% of immunoreac- 
tivity (patterns in Figs. 1A and 1B\ Sephacryl 
S200 gel filtration resulted in either low yield and 
moderate purity (fraction 2 alone), or improved 
yield but lower purity of the MAb (pooled frac- 
tions 2-4). 

Discussion 

For analysis of a mixture of proteins such as 
*icitic fluids, 2DGE with silver staining is one of 



the most powerful analytical tools. This method 
was thus selected to control the quality of purified 
MAbs. Solubilization of the samples in a urea- 
NP40 buffer and equilibrium focusing permit the 
detection of most of the IgG MAb heavy and light 
chains. For IgG molecules with a pHi higher than 
8, SDS solubilization (Blangardin et aL, 1984) 
and/or non-equilibrium pH gel electrofocusing 
(O'Farrell et al. s 197?) could be a prerequisite to 
2DGE analysis. Because of the similarities in the 
migration of human and murine serum proteins, 
most of the major spots could be easily identified. 
It appeared that the contarninating proteins fre- 
quently found with purified MAb were albumin, 
transferrin and alpha-acidic proteins. 

2DGE also demonstrated the presence of the 
so-called 'co-purified proteins' (CP). The pattern 
of these proteins detected in the 30-50 kDa range 
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of purified fractions of the 3 MAbs seemed to be 
related to each antibody. During prot. A purifi- 
cations, these CP appeared in higher amounts 
when a long-duration protocol was used (Figs. 3D 
and F for AF01) and/or when low pH buffers 
were employed for the elution of bound MAb 
(Figs. 3C and D). However, hydroxyl apatite (Figs. 
7C and D, and 4A) or DEAE (Fig. IE) chro- 
matography might also result in the appearance of 
these CP. In fact, although the presence of CP in 
crude ascites might not be excluded, it is more 
likely that they resulted from degradation of the 
MAb during purification. 

In addition to impurities, electrophoretograms 
highlighted dramatic molecular weight heterogene- 
ity of AF08 light chains (Fig. 4). In fact, whatever 
the ascites batch and the purification protocol 
used, rows of vertically aligned spots were visible 
on the gels in the light chains area. Artefacts due 
to solubilization of samples were unlikely to have 
resulted in such molecular weight variations- since- 
AF01 and AF04 never displayed this pattern. 
Rather, commonly observed 2DGE artefacts are 
probably charge shifts due to partial carbamyla- 
tion of proteins (Pearson and Anderson, 1983). 
The molecular weight shifts observed in AF08 
patterns may be partly explained by removal of 
neutral sugars or by partial degradation of the 
light chains e in vivo' and/or inside a defined 
^ascitic fluid. This heterogeneity could also be a 
characteristic of the antibody molecules secreted 
by AF08 hybridoma, e.g., a variation in kinetics of 
glycosylation. 

For a comparison of purification methods of 
MAbs, two parameters, yield and purity, were 
ticularly considered. In terms of purity, the 
results were constantly obtained with proto- 
involving prot. A. Concerning the yield, the 
icy was closely dependent on the optimi- 
f the protocol. For IgG2 like AF01, the 
protocol provided the best yield and 
tereas standard protocols resulted in both 
jance of higher amounts of degradation 
*\d a lower yield. For AF08 (IgGl with 
for prot. A), about 30% of recovered 
;s\not bound to prot. A in the batch 
furthermore, provided more con- 
pu^ified antibody. In this case the 
>1 remained the most efficient 




method. In contrast, IgGl with very low affinity 
for prot. A such as AF04 could not be efficiently 
purified by prot. A alone, whatever the protocol 
used. Then, a prior step with DEAE-chromatogra- 
phy was performed and this permitted the removal^ 
of most ascitic proteins. In a following prot; A 
step, the actual interaction of AF04 with prot. A 
at pH 8.5 allowed a separation from residual im- 
purities. This heterogeneous behaviour towards 
prot. A inside the IgGl subclass strengthens the 
hypothesis that IgGl may comprise several sub- 
classes (Stanislawski and Mitard, 1976; Villemez et 
al., 1984). 

For all tested MAbs, DEAE-chromatography 
alone appeared to be less potent than prot. A for 
the production of very pure antibodies but possi- 
bly resulted in a slightly better yield. 

All the other methods tested were found to be 
less efficient 

Practically, we propose a logical process to 
-optimize— -the— purifieatien— proteso l of a M AV 



without previous knowledge of IgG subclass. The 
prot. A standard protocol should be performed in 
order to determine the proportion of MAb re- 
leased at each pH value and to measure the yield 
of purified antibody. If the bound fraction at pH 
8.5 is sufficiently high, the 3 h long batch protocol 
should be carried out. If most of the immunoreac- 
tivity is found in the pH 8.5 unbound fraction, 
DEAE chromatography should be performed be- 
fore the prot. A standard protocol. 

Finally, it is noteworthy that optimization of 
the purification procedure for a MAb which bound 
weakly to protein A (AF04) permitted a 30-fold 
enhancement of the yield with no loss in purity. 
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Purification of bacterially expressed single chain Fv antibodies for 
clinical applications using metal chelate chromatography 
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A new procedure is described for ihc purification of an ami-rartinoembryonic antigen (CEA) single chain Fv 
(scFv), referred to as MFE-23. from bacterial supernatant. A simple insertion of a hexa-bistidine tail fused at the 
C-tcrminus (MFE-23 His) provides an affinity tag which selectively binds to transition metal ions immobilised on an 
iminodiacetic flcid (IT>A) dcrivitiscd solid phase matrix. This method proved to be superior to standard CEA antigen 
affinity chromatography in the following ways. (I) A higher yield was produced (10 mg/1 as opposed to 2.2 mg/l of 
bacterial supernatant). The latter figure was largely affected by the limited availability <si2e of the column) of 
immobilized CEA antigen. (2) Scale-up was relatively simple and less costly. (3) The risk of tumour derived antigen 
teaching from the column is eliminated. Results showed that immobilised Cu 2 * ions were more effective than Ni 2 " 1 " 
and Zn 24 ions in retaining the His tagged product giving a 90% pure product on elutton. Clinical grade materia] was 
generated using size exclusion chromatography to remove aggregated material, and Detoxi get to remove bacterial 
endotoxins. Validation assays to measure DNA, copper and endotoxins were performed to assess the levels of 
contaminants. MFE-23 Mis retained 84% antigen binding after 6 months storage at 4°C and > 75% after 
radiolabelling. Further experiments confirmed that the His tail did not affect biodistribution and tumour localisation 
in nude mice bearing human colorectal rumour xenografts. 
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1. Introduction 

The use of monoclonal antibodies (Mabs) and 
their fragments is now well established for thera- 
peutic and diagnostic antigen specific targeting of 
colorect a! cancc r ( Bcgen t and Pcdl cy , 1 990 K 
However, the ability to deliver therapeutic doses 
of radiation to tumours has been limited by the 
retention of radiolabellcd Mabs in normal organs 
and the slow clearance from the circulation re- 
sulting in bone marrow toxicity (Begent et al. T 
1989). Furthermore* whole antibody or enzyme 
digested fragments have poor diffusion character- 
istics, slowly penetrating through tumour masses 
after extravasation (Boxer et al„ 1992). The re- 
cent development of genetically engineered single 
chain Fv (scFv) molecules which consist of only 
the antibody variable regions held together by a 
flexible linker to increase stability (Huston et al„ 
1993) have the potential to alleviate some of 
these problems. Studies have shown that scFvs 
with their smaller size (27 kDa) penetrate tu- 
mours more rapidly and evenly than do larger 
fragments and intact Mabs. They may also clear 
from the circulation within hours of administra- 
tion (Yokota et aL, 1992). In addition smaller size 
molecules lacking constant regions, have the po- 
tential to reduce the host immune response to 
antibody, the production of which is a major 
limiting factor to repeating antibody therapy 
(Ledermann et al., 1988). 

The advent of phage technology has permitted 
the generation of a large number of oew scFvs 
which can be selected for desired characteristics. 
For example high, affinity scFvs can be selected 
from targe libraries for potential clinical use 
(Hawkins et al, 1992). ScFvs can be expressed in 
soluble form in mammalian cells or alternatively 
in Escherichia cvli {£. cotiX Since the fermenta- 
tion of bacteria is both rapid and inexpensive, it 
could form the basis for an improved method of 
production in clinical studies (Chester et al.. 
1994a). It is therefore essential that purification 
systems adapt to handling large volumes of bacte- 
rial extracts and validation studies axe performed 
to ensure removal of contaminants by the various 
chromatographic steps. 

Traditionally, Mabs and antibody fragments 



have been purified using immunoaffinity or ion 
exchange chromatography. Anti-CEA antibodies 
can be purified using antigen affinity columns, 
which stc highly specific but consist of tumour 
derived antigen which tends to leach out during 
elution of antibody. Clearly, this is undesirable 
when purifying clinical grade material. In addi- 
tion it is often impractical and costly to scale-up 
antigen columns to handle large volumes of mate- 
rial. Ion exchange chromatography overcomes 
some of these problems, but has other disadvan- 
tages such as low selectivity ajid instability at low 
ionic strengths leading to precipitation of protein 
during the procedure. 

Recombinant DNA technology enables inser- 
tion of specific sequences or genes by fusion to 
the protein of interest; which can provide 'affinity 
handles' designed to bind specific matrices en- 
abling the selective purification of the protein of 
interest. Examples of affinity tail fusion proteins 
include protein A, /3-galactosidase and maltose 
binding protein (reviewed by Narayanan, 1994). 
However, problems encountered when using these 
particular affinity tags include the incorrect fold- 
ing of recombinant molecules masking the ligand 
binding site, and the requirement to cleave off 
the fusion protein and repurify the parent pro- 
tein, c-mye oncoprotein fusion tags have been 
widely used (including this study) to ease the 
detection of recombinant proteins via an anti-c- 
myc antibody. However* for the preparation of 
clinical products the use of oncogene derived 
determinants such as c-royc is not desirable. 

An improved purification process applicable to 
scFvs has been developed by genetically engineer- 
ing sequences of amino acid tails or tags away 
from the antigen binding site by insertion at the 
N- or C-terminus. In a study carried out by Skerra 
et al. (1991) it was reported that the addition of a 
five amino acid polyhistidinc tail proved to be a 
stable product which could be purified by immo- 
bilised metal ion affinity chromatography (IMAC) 
making the use of its high affinity for transition 
metal ionS. 

In this study we have inserted an amino acid 
tail consisting of six consecutive histidine amino 
acid residues (6 X His) at the C terminus of an 
anti-CEA scFv antibody. The native scFv contains 
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only two naturally occurring histidinc rcsiducs 
and hence the histidinc addition provides a tail 
which can be used 10 selectively purify the scFv 
by IMAC. 

IMAC is a powerful affinity chromatography 
method introduced by Poraih et al. (1975). It 
exploits the interaction between proteins and 
transition metal ions immobilized on a support 
derivitiscd by IDA, /v\M/V'-tris-(ca!il>oxymethylV 
ethylenediaminc or nitrilotriacetic acid (NTA) 
groups. The exposure of certain amino acids in- 
cluding cysteine, tryptophan and predominantly 
the imidazole ring of histidine on the surface of 
proteins is required for the absorption to transi- 
tion metal ions immobilised on the support 
(Arnold, 1991), Proteins with a high affinity for 
given metal ions bind through open coordination 
sites and are retained on the column whilst other 
proteins without a high affinity for immobilised 
metal ion elute from the column during the wash. 
IMAC has advantages over conventional affinity 
chromatography in thai relatively mild cluliun 
conditions are employed to disrupt protein bind- 
ing. Either metal binding ligands such as imida- 
zole can be used to compete for metal coordina- 
tion sites thereby displacing the protein , or a 
reduction in pH can be used to protonate the 
histidine residues releasing the product. Strong 
chelators such as EDTA at the end of clution are 
used to strip metal ions from the column. IMAC 
has wide applications- It has been used to purify 
many biological materials including interferons 
(Hochu)i, 1988), a-feto-protein (Itami et aL, 1987) 
and MHC class II molecules (Nag et al., 1994) 
with a range of metal ions including Ni 2+ t Zn 2+ . 
Fe 2+ , and Co 2+ . IMAC has also been exploited 
as an analytical tool to study exposure of certain 
amino acid residues on the surface of the pro- 
teins (Hemdam et al., 1989). More recently histi- 
dine tails have been engineered into many recom- 
binant proteins to facilitate this purification tech- 
nique, for example the isolation of histidine 
tagged peptides from complex matures (Yip et 
al., 1989). In this paper wc explore the use of 
IMAC to prepare clinical grade ami CEA scFv 
antibodies with the aid of a hexahisiidine C- 
terminal tail. 



2. Materials and methods 

The preparation of clinical grade material re- 
quires particular precautions which are not nec- 
essary in the preparation of laboratory products. 
The clinical grade scFv produced here was in 
accordance with the guidelines specified in the 
Cancer Research Campaign control operation 
manual for recombinant products (Begent et al, 
1993). A summary of the guidelines for the qual- 
ity and safety of clinical products include: 

(1) designated sterile work areas and equipment 
which will prevent contamination of the puri- 
fied product; 

(2) full details of product development including 
expression systems and DNA sequencing; 

G) preparation of a clinical seed lot including 
testing for homogeneity and reactivity on 
storage; 

(4) purification details and reproducibility; 

(5) final product characterisation including con- 
tamination levels, potency, biological activity 
and toxicity. 

Standard operating procedures (SOPs) have 
been drawn up for each individual stage of the 
production process outlined above. As full details 
and records are beyond the scope of this paper, 
here we have emphasised only the new purifica- 
tion technique and finished product characterisa- 
tion. 

2. /. Single chain Fv 

MFE-23 is a high affinity scFv antibody (K a = 
2.529 nrnol/l SD ± 1.3) which was selected from 
a pHEN phagemid library generated by immunis- 
ing BALB/c mice with carcinoembryonic antigen 
(CEA). It has been shown to selectively localise 
in nude mice human colorectal tumour xenografts 
(Chester et al, 1994b). 

2.2. Subchning and expression of the polyhbtidlnc 
tail 

The gene encoding MFE-23 was subcloned 
into a pUC 119 expression vector to contain 
6 x His at the C-terminus (Fig. 1, MFE-23 His 
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HIS TAG. „ 

H H H H H H * 
VL CATCACCATCATCACCATTAATAA 

Fijt. K Schematic represent lion uf MFE-23 subclone*) Tor 
expression contcitnin^ Ibe gene lor ft X His <* iht C terminus. 
For Antibody expression (he vector (Hawkins ct ul.. IW) 
contains a Ptrl B signal sequence which directs $cFv inio the 
bacterial pcripla&m, from here the scFv is released intn the 
supernatant (Plucklhun. I<N0). * Denotes stop codon. 

vector). The construct was transfected into E. coti 
TGI cells using electroporation and plated onto 
2 X TY agar containing 100 M8/ml ampicillin and 
Wr. glucose. An individual colony was used to 
produce a seed lot in accordance with safety 
guidelines (Begenl et al., 1993) and DNA se- 
quencing was employed to confirm identity. For 
expression, seed lot aliquots were cultured in 
2 x TY medium containing 100 jig/ml ampicillin 
and \% glucose at 3TC shaking for 16-20 h. 
Cells were grown until a cell density of 0.9 at an 
optical density (OD) 600 nm was achcived. Pro- 
duction of scFv was promoted by the addition of 
1 mM Lsopropyl /3-D~thioga!acto$ide and the tem- 
perature reduced to 30*C for a further 16 h. Cells 
were pelleted at 11 300 X g and the supernatant 
containing the MFE-23 His was passed through 
0.45 /im followed by 0.2 jim 1 litre Nalgene 
disposable filters (Fisons, Loughborough. UK). 

2. J. Concentration and dialysis of MFE-23 His 
supernatant 

The bacterial supernatant was concentrated 
using an Am icon CH2 ultrafiltration system 
(Amicori- Stonehouse. Glocestershirc, U K) in- 
corporating 3 KA2000 reservoir and S1Y10 spiral 
cartridge with a molecular weight cut off of 10 
kDa. To sterilise the ultrafiltration system for the 
clinical grade material it was washed in Hospec 
neutral detergent followed by 0.1 M sodium hy- 
droxide and pyrogen free water (Baxter, Norfolk, 
UK) to neutrilise. MFE-23 His culture super- 
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natant (1-4 litres) was concentrated to 200-300 
ml and pressure diaJysed against sterile phos- 
phate buffered saline pH 7.2 (Dulbecco's PBS, 
Sigma, Poole, UK). The crude MFE-23 His was 
cemrifuged at 6300 X g for 20 inin at 4*C and 
re-filtered using 0.45 fim and 0,2 ju.ni Nalgene 
filters to sterilise and remove any large protein 
aggregates which may have formed during the 
concentration steps. 

2.4. Puriftcuiion 

I MAC purification was optimised on a small 
scale using non sterile conditions. Clinical purifi- 
cation procedures were performed under rigor- 
ous conditions, using sterile glassware, dispos- 
ables and chemicals. All buffers were made with 
pyrogen free water. Imidazole solutions were 
buffered with Dulbecco's sterile PBS containing 1 
M sodium chloride (NaCI) to supress ionic inter- 
actions, thereby improving selectivity of the metal 
for the bistidine ligands (Sulkowski, 1985). 

2.5. IMAC 

A 10 x 2.5 cm Econocolumn (Bio-Rad, Heme! 
Hempsted, UK) was packed with 40 ml chelating 
Scpharose fast flow (Pharmacia Biotech. St Al- 
bans, UK) and equilibrated under gravity with 
100 ml water. Metal ions (100 ml) were loaded as 
0.1 M copper sulphate, zinc chloride or nickel 
chloride (Sigma) in water and washed through 
with the same volume of equilibrium buffer 
(PBS/1 M NaCI). NaCI was added to the concen- 
trated diarysed supernatant to a final concentra- 
tion of 1 molar to prevent leaching of metal ions 
from the column (Sulkowski, 1985). Up to 300 ml 
supernatant was loaded and the unbound mate- 
rial collected. Competitive etution was carried 
out using an imidazole gradient of 40, 60, SO, 100 
and 120 raM, collecting 250 ml batchwise of bound 
product at each step. The column was regener- 
ated by stripping metal ions with 100 ml of 50 
mM EDTA and re-equilibrated with several col- 
umn volumes of water. 

All fractions were dialysed into PBS to remove 
salt, eluting agents and any metal ions which may 
have leached from the column. The fractions 
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were then pooled and concentrated using stirred 
cell ultrafiltration and a PMI0 membrane 
(Amicon) for SDS PAGE analysis. To increase 
recovery of clinical ma ten a I all dialled fractions 
excluding the 120 mM imidazole fraction were 
subsequently pooled and reapplied to the col- 
umn. 

26. Gel filtration 

The 1MAC purified material was further puri- 
fied by size exclusion to remove aggregates and 
metal ions. The concentrated, diatyscd 0-22 /im 
sterile filtered (Gelman, Northampton, UK) 120 
mM imidazole fraction was applied to a 350 ml 
Sephacryl S-100 (Pharmacia Biotech) column (XK 
16/100, Pharmacia Biotech), Fractions were 
measured at OD 2B0 om , relevant fractions were 
pooled and concentrated, using stirred cell ultra- 
filtration and stored at 4*C. 

Z 7. Affinity chromatography 

2 litres of MFE-23 His which had been con- 
centrated and dialysed in PBS (400 ml) was puri- 
fied using a 6 ml cyanogen bromide activated 
Sepbarose 4B (Pharmacia Biotech) affinity col- 
umn coupled to CEA (8 mg). CEA was obtained 
from a patient's colorectal tumour liver metasta- 
sis by extraction using perchloric acid (Keep et 
a]., 1978). One column pass of 30 ml supernatant 
per run was performed. 

2.R. Bacterial endotoxin removal 

A 10x2.5 cm Econocolumn (Bio-Rad) was 
packed under gravity with 10 ml of Dctoxi gel 
(Pierce Warriner, Chester, UK) and equilibriated 
with sterile PBS. 10 ml of the concentrated puri- 
fied product was loaded, carefully mixed with the 
gel and incubated overnight at room temperature 
in a sealed column. The product was cluted by 
washing with 30 ml PBS. 

2.9. Final product testing 

Samples at each purification stage were anal- 
ysed for endotoxin levels using Limulus ameobo- 



cyte lysate (LAL) gel clot vials (Atlas Bioscan, 
Bognor Regis, UK) according to the manufactur- 
ers* recommended instructions; a further aliquot 
(three times the patient dose) was tested by injec- 
tion into rabbits (Safepharrn Laboratories, Derby, 
UK). Bacterial supernatant containing MFE-23 
His, semi-purified MFE-23 His and the final 
product were tested for the presence of bacterial 
DNA using the Digoxigenin (DIG) DNA la- 
belling and detection assay (Boehringer 
Mannheim, Lewes, UK). A probe was con- 
structed using a mixture of equal proportions of 
MFE-23 plasmid DNA and total bacterial DNA. 
DIG labelled DNA probes were detected after 
hybridisation to target samples by enzyme-linked 
immunoassay using an anti-DlG alkaline phos- 
phatase conjugate. The probe was sensitive to 12 
pg of DNA. The final product was also assayed 
for Cu 3+ content and compared with earlier pu- 
rification stages, using flame photometry (Trace 
Element Laboratory, University of Surrey). An 
aliquot was also protein sequenced using amino 
acid analysis by the CRC protein sequencing fa- 
cility (University College of London); to confirm 
homogeneity of the final product and cleavage of 
the pelB leader sequence in the periplasm. Stabil- 
ity of the antibody was assessed by storing ahquots 
at 4°C and -70°C and subsequently analysing 
samples at certain time intervals using a Superose 
12 HR 10/30 (Pharmacia) FPLC column. Fig. 5 
illustrates the trace for MfE-23 His stored at 
- 70°C fot 6 months. Retention of antigen bind- 
ing following 6 months storage at 4°C was mea- 
sured by applying a known amount of purified 
antibody to the CEA affinity column (refer to 
section 2.7) and quantitating the % bound 
(specific activity). These values were compared by 
applying a known amount of MFE-23 His previ- 
ously purified using the same column. 

Z/0. f<xiinauon of MFE-23 His 

Radiolabelling of MFE-23 His with iodine-125 
( ,25 I) was performed using the chloramine T 
method (Greenwood and Hunter, 1^63X Topically 
67-250 Mg of purified product in 0.5 ml was 
radiolabeled to give specific activities of J 67-481 
MBq/Vg. 
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Bacterial endotoxin and copper renewal in trjcb chromaioaraphic step 


Purification step 


Endotoxin EU/rnl 


Cu 2 * ftmo\/\ 


Supernal am 


5UIXX) 




Cu 7 ~ chelate column eluate: 






prt dialysis (120 mM fraction) 




75 


post dialysis (120 mM fraction) 


750 


8 


Gel filtration S-100 eluatc 


25 


34 


Detoxi gel eluate (final product) 







2.77. Analysis of radial abetted product 

Thin layer chromatography (TLC) was per- 
formed to measure % 125 1 Incorporation. Antigen 
binding was also assessed by applying a dilution 
of the radiolabel to a CEA coupled Scpharose 4B 
(1 mg CEA; 1 ml column volume). The unbound 
fraction was washed through with 2 column vol- 
umes of PBS and the bound fraction with the 
same volume Of 3 M ammonium thiocyanate. A 
control scFv B1.8 which is not specific for CEA 
and MFE-23 containing a c-myc tag (MFE-23 
myc) were tested as a comparison. The unbound 
and bound fractioas were analysed for 125 1 activ- 
ity using a gamma counter. Stability assessments 
were carried out by applying a sample of the 
radiolabel and unlabel led product to a 15% SDS 
PAGE minigel The ,25 I-MFE-23 His was visu- 
alised by autoradiography and the unlabclled 
product by Coomassie blue staining. I1S 1- MFE-23 
His was also applied to a 100 ml Sephacryl S-lOt) 
column (115x ] cm). l-S ml fractions were col- 
lected and counted for l2 *l activity. 

2.72 In vivo xenograft experiment 

Tumour localisation and biodistribution of 
l25 I-MFE-23 His was carried out in TO nude 



mice bearing LS174T human tumour xenografts. 
MFE-23 myc which had been previously charac- 
v terised, affinity assessed and shown to localise in 
human tumour xenografts (Chester et ah, 1994b) 
was included as a comparison. Radiolabeled an- 
tibody was administered into the tail vein of mice, 
when the tumours were approximately 0.5 g in 
weight. Each mouse received 5 fig/10 /tCi of 
125 1 -labelled antibody and four mice from each 
group were killed 24 h later. Tissues and blood 
samples were removed, weighed, digested in 7 M 
potassium hydroxide fOT 24 h and assessed for 
activity using a gamma counter. 



3. Results 

3. }. Optimising IMAC 

Ni 2 "\ Zn 2+ and Cu 2+ were compared for effi- 
cacy as metal ions for IMAC solid support. SDS 
PAGE electrophoresis (Figs. 2A-2C) showed that 
in general the majority of non specific proteins 
were washed through the column in the unbound 
fraction. Further impurities were eluted by com- 
peting with low concentrations of imidazole 10-40 
mM (data not shown). Increasing the concentra- 
tion of imidazole to compete for metal binding 



Ts>bte 2 

Specific activity of MFE-23 His purified using IMAC ta-c> and CE A antigen affinity chromatography <d) 

Antibody applied Unbound Bound Specific activity 

to column (ma) tmg) (mg) i%) 

(a)2 iu? ' ' 070 ' ^ 

0>) 1 0.23 rt.f* 75 

<cl> 1 0.10 0.K3 89 

The specific activities were bi*sed im untfhody levels recovered, as some k*$c$ occurred on dialysis and concentration stepfi. The 
mean bound specific activity fnr the IMAC purified material ta-c) is 75?*. 
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sites results in elution of His tagged product. This 
stepwise imidazole gradient was useful for com- 
paring the efficiency of antibody binding to Ni 2 




21- 



M a b c d e f g 




M a b c d e f g 



c 

139- *m 

67- — 

48- • 



Zn~ + and Cu 2+ immobilised metal ions and the 
level at which pure product elulcd from the col- 
umn. Any remaining product eluted when the 
column was stripped with EDTA. Fig. 2A illus- 
trates that impurities were present in all imida- 
zole elution and EDTA fractions when the col- 
umn was primed with Ni 24 ". There was also visible 
leaching of Ni 2+ on imidazole elution reflecting 
the weak binding affinity of Ni 2 "" to the column. 
In contrast, when the column was primed with 
Zn 2+ the imidazole gradient was more effective 
in producing pure product (Fig. 2B) than when 
Ni 2 * was used- However the 80-120 mM imida- 
zole and EDTA fractions contained some remain- 
ing impurities (Fig. 2B a-d). The best elution 
profile was produced by priming the column with 
Cu 2 * ions, pure product eluted at 60-120 mM 
imidazole and EDTA fractions (Fig. 2C a-c). 
Although pure product also eluted in the EDTA 
fraction this could not be further processed for 
clinical use due to the presence of high levels of 
copper ions which were difficult to remove even 
after extensive dialysis. This fraction was dialysed 
and reapplied to the column. Considering these 
results, copper was selected as the immobilised 
metal ion for clinical production of MFE-23 His. 
To ease handling large volumes of the clinical 
batch a step gradient of 40 and 120 mM imida- 
zole concentrations was employed as illustrated 
in Fig. 3. Impurities were separated by eluting 
with 250 ml 40 mM imidazole (b) from pure 
product at 120 mM imidazole (250 ml) (c) in a 
single chromatographic step, 

3.2. Purity and yield 

Gel filtration of the clinical grade MFE-23 His 
revealed that 90% of the product was in monomer 
form after one purification step. Large molecular 



33- 
29- 

21- 



3 



M 



e f g 



Fig. 2. SDS PAGE analysis of (A) Ni 2 *, (5) Zn 2+ and (C) 
Cu :+ primed 1MAC column fractions, (a) EDTA fraction; (b) 
120 mM imidazole fraction; (c) 100 mM imidazole fraction; 
(0) ftO mM imidazole fraction; (c) 60 mM imidazole fraction; 
(0 4D mM imidazole fraction; (g) unbound Wash through. 
M » low molecular weight markers (Bio-Rad), Gels were 
Stained with couma&ie brilliant blue R250. 
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139- 
87- 
48- 

33- 
29- 



M 




abed 



Fig. 3. SDS PACE unalysis of optimised Or 1 chelate column 
fraction*. .*»: urtbotutd wash through; b: 40 ittM iirudn^ule 
Fraction: c: 120 mM imidazole fraction; d: EDTA fraciion. 
M =* low molecular weight markers. 



weight material was effectively separated from 
the product shown in Fig. 4. The final product 
yield of the clinical batch was approximately 10 
mg/1 of supernatant at OD 2KOnro using the extinc- 



tion coefficient of 0.7. The affinity purified mate- 
rial produced a 2.2 rug/ 1 yield with a single pass 
through the column. 

3-3- Final product evaluation 

The contamination levels of clinical grade 
MfE-23 His with bacterial endotoxins and cop- 
per at each chromatographic step are shown in 
Table 1. The results showed that Detoxi gel was 
effective in removing at least one log scale of 
bacterial endotoxins from the purified scFv with 
no decrease in yield. The final product was also 
confirmed as non pyrogenic by in vivo rabbit 
testing. The extent of ligand leaching was also 
monitored by Cu 2 * analysis. Copper levels were 
largely reduced after extensively dialysing and 
very low levels are present in the final product. 
DNA was not detected (sensitivity of assay ■= 12 
pg) in the final purified product- Protein sequenc- 
ing of the first 15 N-terminal amino acids of the 
protein showed consistency with the DNA se- 
quence. This also confirms that the pel B leader 
has been cleaved in the periplasm. Stability as- 
sessments at 4*C and -70°C up to 6 months 
showed one peak on FPLC analysis consistent 
with the molecular weight of scFv and no evi- 




20k0 



J 



Fr*clion numter 

Fig. 4. Gel miration eluiion profile for MFE-23 His on 5-HK). 
llic smaller peak consists of targe molecular weight material 
which can be separated from MFE-23 His at 27 kDa. The 
column has been calibrsied wiih the molecular weight marker 
carbonic anhydrasc 29 kDa. 



Fig, 5. Swpcrnsc 12 HR 10/30 trao; of MFE-23 His stored at 
-7(FC for 6 months. A single peak, at 113 Cm is consistent 
with (he molecular weight of scfv at 21 kf>a. The column has 
been calibrated with the molecular weight marker carbonic 
imhydrajie 29 kDa. 
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dence of aggregation. Fig. 5 illustrates the trace 
for 6 months storage at -70°C. Retention of 
antigen binding on 6 months storage at 4°C is 
shown in Table 2. This indicates that an average 
value of 75% binding was achieved. 

3A. Radiolabeled MFE-23 His 

When the radiolabeled product was tested for 
% incorporation using TLC analysis the results 
demonstrated that 95-99% of the iodine- 125 was 
bound to the antibody. Retention of antigen bind- 
ing was assessed after radi ©labelling by measur- 
ing the binding to antigen. A sample of radiola- 
beled clinical MFE-23 His batch was applied to 
the C£A column. Of the total number of counts 
recovered (1710 cpm\ 435 cpm (25%) washed 
through in the unbound fraction and 1275 cpm 
(75%) eluted in the bound fraction. The unbound 
fraction was subsequently reapplied to ihe col- 
umn and a further 58% of total counts loaded 
was recovered in the bound fraction. Samples of 
diluted radiolabeled MFE-23 myc and Bl.8 were 
also applied to the C£A column. For MFE-23 
myc 56% (23023 cpm) of total counts recovered 
(40901 cpm) bound to the column and 17878 
cpm (43%) washed through in the unbound. For 
the non-specific control antibody Bll.8 only 10% 
(130J cpm) of the total recovered counts (12717 
cpm) bound to the column and 89% ( 11 416 cpm) 
was contained in the unbound fraction. Figs. 6 
and 7 illustrate the stability of radioliabelled prod- 



•33 
-2 9 



-21 



a 



M 




— n 

100 



FfiCtion number 

Fi*. 7. S-UtO fiel filtration profile nf radiolabcLlcd MFE-23 
His. The smaller peak consists of free iodine and ihe larfter 
peak uf labelled tfivduct. c.p.m. - counts per minute of I. 

uet by SDS PAGE and gel filtration, revealing 
that it was monomeric, intact and unaggregated. 

3,5. In vivo studies 

,25 l-MFE-23 His localised in tumour selec- 
tively giving a therapeutic tumour to blood ratio 
of 22; 1 (Fig. 8). MFE-23 myc produced similar 
results with a tumour to blood ratio of 9:1. The 




K»*. 6. SDS PACE *el(l5#> analysis of (a) imJinaieiJ MFE-2J 
His, auloradiog^h; (h) unbbelkd MFE-23 Hk Im- 
munobto. M - molecular weigh I marker* (Bio Rod). 



Blood Uvftr Kidney Lung Spton Colon Mv«f# Tvmowf 

Fig. 8. Biodislribution of lM l-MFE-23 myc <black> and ,23 1- 
MFfc-23 His (hatched) 24 h after injection, expressed ox 
tissue, blood ratios. 
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uptake of MFE-23 His in normal tissues was also 
comparable to the previously characterised MFE- 
23 myc T except for high levels in the kidney, 
which is (he main clearance pathway of the anti- 
body. 



4. Discussion 

This paper describes in detail Phe procedure 
used to process and purify a phage derived scFv 
containing a 6 x His tail. This purification system 
eliminates the harsh conditions required to elute 
antibody from antigen affinity columns. IMACs 
mild elutton conditions and ease of regeneration 
make this system an attractive alternative to stan- 
dard affinity chromatography methods and al- 
ready a large number of recombinant proteins 
have been purified using this method (Under ct 
aL J 992). The good yields achieved with MFE-23 
His purification eliminated the need to carry out 
periplasmic extraction. The latter is known to 
release proteolytic enzymes which makes the pu- 
rification and removal of contaminants more dif- 
ficult. The yields were also superior (10 mg/1) to 
those achieved when MFE-23 His was purified 
using a CEA antigen affinity column (2.2 mg/l). 
However* since only one column pass was per- 
formed through the CEA antigen column, the 
yield would be expected to be higher if the un- 
bound fraction was re-applied to the column. A 
larger antigen column would also produce higher 
yields. 

The overall effectiveness of IMAC relics on: 
(I) the affinity of metal ions for the resin and (2) 
the ability to permit reversible interactions be- 
tween immobilised metal ions and protein. The 
relative metal ion capacity for the IDA resin 
follows the order Cu 2 "> Nr ' > Zn ; ' (Porath el 
aL, 1975). Metals will coordinate 4-6 ligands. 
IDA has 3 chelating sites (Q1A express, 1992X 
the His tagged protein binds to remaining coordi- 
nation sites unoccupied by the metal ions to form 
a complex between the chelate with its bound 
metal ion and the protein. The high stability of 
copper ions for the IDA matrix contributes to the 
strength of MFE-23 His retention. This is re- 
flected by the purity and high concentration of 



Imidazole required to elutc the product, com- 
pared to Ni 3+ and Zn 2+ primed columns. 

Recent advances include the development of a 
new NTA adsorbent which has four chelating 
sites for Ni 2+ with greater stability and affinity 
(K d = 10" 1? ) than IDA resins (Hocbuli et aL 
1987). It has a particulary strong affinity for 
neighbouring histidine residues with minimal 
metal ion leaching. This new chelating ligand may 
produce even better yields of MFE-23 His. 

An essential feature in the purification of anti- 
bodies to clinical grade, is the removal of pyro- 
genic contaminants (Bcgcnl et al„ 1993; 
Hochslein, 1987), Endotoxin contamination is a 
recurrent problem in the preparation of thera- 
peutic agents for parenteral use in humans. Detoxi 
gel (polymyxin crosslinked to 6% agarose) proved 
to be successful in removing sufficient quantities 
of the lipopolysaccaride component of gram neg- 
ative bacterial cell walls (endotoxins) to within 
regulatory acceptable levels with no detrimental 
effects on the antibody. Another possible major 
contaminant is bacterial DNA. As there were no 
detectable levels in the final product there was no 
requirement for any additional purification. 
Takacs and Girard (1991) designed a dot blot 
analysis to quantiiate £ coli protein levels by 
overlaying with an antU£. coli antiserum obtained 
from immunising rabbits. This semi-quantitative 
technique would be a useful approach to measure 
effective removal of host proteins in clinical grade 
material at each chromatographic stage. It is also 
important to establish levels of affinity ligand 
leaching. The levels of Cu 2+ , < 2 nM per patient 
dose, were we)) below the recommended level 
given routinely in Sntraveneous nutrition (5-10 
/iM/day). The histidine tail and the purification 
process did not appear to interfere with the avid- 
iry of the antibody. 

The specific activity or % binding to antigen of 
IMAC and CEA antigen purified material were 
also assscsscd in this study. Good retention of 
antigen binding on storage has been achieved. 
This assessment also revealed the efficiency of 
the column for antibody which has previously 
been purified using the same column. By re- 
applying a small aliquot of the CEA purified 
material to the column one would expect 100% to 
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bind. However, only H9% binding was achcived, 
(overloading of the column was eliminated due to 
the small amount loaded and largeT amounts of 
antibody have been purified on one column pass 
using the same column). If we now take into 
consideration the efficiency of the column, the % 
binding to antigen of MFE-23 His purified using 
IMAC increases from 75% to 84% (|§ x 100). 
CEA antigen binding or His and c-myc scFvs was 
also maintained after radiolabelling compared 10 
the control scFv. CEA binding of antibody prepa- 
rations was found to be dependent on the total 
number of counts loaded. A larger dilution factor 
(lower number of counts) produced 3 relatively 
higher % of counts bound, approximately a 40 
fold higher level of the myc tagged antibody whs 
applied to the column, of which 56% of the total 
recovered counts eluted in the bound fraction 
compared to 75% of recovered counts for the His 
tagged product. The CEA column (1 mi) contain- 
ing 1 mg of antigen was obviously saturated by 
the dilution factor of antibody used here. This 
was demonstrated by re -applying the unbound 
fraction of the MFE-23 His sample and measur- 
ing the % bound (refer to section 3.4). However, 
it was clearly shown in the results that ihe non 
specific antibody B1.8 did not bind to CEA and 
the clinical material maintained > 75% binding 
to antigen after radiolabelling. The data descibed 
here demonstrates no adverse effects of IMAC 
purified MFE-23 His binding to antigen on stor- 
age and radiolabelling; therefore, no attempt was 
made to remove the Histidine tag after purifica- 
tion, although this is possible using enzymatic or 
chemical methods (Hochuli et al.. 198£). 

In vivo distribution data revealed on average 
slightly improved localisation in nude mice hu- 
man tumour xenografts of the His tagged prod- 
uct. Although it appears that there are higher 
levels of MFE-23 His in the tumour, the ratios 
depended on the average % injected dose per 
gram (%lD/g) measured. At this time point (24 h 
post injection), rumour levels were variable in 
each individual mouse: MFE-23 myc Tangc 0.87- 
3.3%, n = 4, SD = 132 and for MFE-23 His range 
0,5-2-98%, SD=U5. However, Overall 

the tumour %ID/g ranges were comparable for 
both products. There were no adverse effects 



which altered the biodistribution to normal tis- 
sues and therefore wc can conclude that the 
histidine tail does not adversely affect the biodis- 
tribution in the nude mouse model. 

The major drawback to the therapeutic use of 
scFvs ts retention by the Jtidney (Huston et al., 
1993). This is partly due to dchalogenation of 
iodine from the antibody and also because of the 
small size (27 kDa) which is below the threshold 
of 50 kDa for renal clearance. This is ajso a 
common finding with most, if not all single-chain 
antibodies. However, biodistribution data shows 
only 0-7%-ID remains in the kidney AS h post 
injection (data not shown) due to rapid clearance 
of the antibody. This rapid clearance makes 
MFE-23 His an attractive imaging agent. 

Recent experiments have been performed us- 
ing scFv labelled with iodine-J23 which has a half 
life of 12.3 h and is suitable as an imaging agent. 
Characterisation of iri I-MFE-23-H)5 proved to be 
consistent in the data described here and a pa- 
tient imaging trial is now in progress. 

In conclusion, we have developed a potentially 
universal method for purifying recombinant phage 
antibodies for therapeutic use which complies 
with the safety data legislation regarding antibody 
puriry as required by the Cancer Reasearch Cam- 
paign Phase 1 Trials Committee. 
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We describe six new yeast episomal vectors which encode glutathione 5-transferase (GST) affinity tags. These allow 
for the production of GST-fusion proteins in Saccharomyces cerevisiae under the control of the CUP1 promoter 
Affinity chromatography with glutathione-Sepbarose permits convenient purification of the fusion protein from a 
yeast lysate. The presence of a protease cleavage site facilitates subsequent removal of the GST tag The expression 
and single-step purification of both GST and a functional GST-metallothionein fusion from yeast are shown as an 
example of the application of these vectors. 

key warns — Saccharomyces cerevisiae; CUP1; Cu 2 + -regulated; yeast expression; affinity purification; glutathione 
S-transferase; metallothionern. 



INTRODUCTION 

Protein purification from cell lysates can be greatly 
enhanced by the addition of affinity tags. Smith 
and Johnson (1988) have previously engineered the 
gene encoding glutathione S- transferase (GST) 
from Schistosoma japonicum as a tag for recombi- 
nant proteins expressed in Escherichia coli. The 
pGEX vectors which they developed also carry 
sequences encoding a protease recognition site 
located between the GST and a multiple cloning 
site (MCS). Fusion proteins can be rapidly 
affinity-purified using immobilized glutathione, 
and the protein of interest can be subsequently 
cleaved from the GST using a specific protease, 
thrombin or Factor Xa. 

The pYEULC series of vectors have been used 
for the production of foreign proteins in the yeast 
S. cerevisiae (Macreadie et al., 1991, 1992, 1993). 
The presence of the CUP] cassette in these plas- 
mids allows Cu 2+ -regulated expression of foreign 
proteins, while the 2 um origin of replication gives 
medium to high copy number in yeast. Two select- 
able markers, URA3 and leu2-d (Macreadie et al, 
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1991), provide flexible strain selection. However, 
these vectors do not allow easy purification of 
recombinant proteins. We report here the con- 
struction of expression vectors which direct syn- 
thesis of recombinant GST-fusion proteins in 
S. cerevisiae from a pYEULC-based plasmid. 
These combine the advantages of the pYEULC 
series of vectors with the purification capabilities 
of the pGEX vectors and provide a convenient 
alternative for large-scale protein production. 

MATERIALS AND METHODS 
Cloning of GST for expression in yeast 

Sequences encoding GST, the protease recog- 
nition site and the MCS were obtained from 
plasmids pGEX-2T and pGEX-3X (Smith and 
Johnson, 1988) using the polymerase chain reac- 
tion (PGR), with the oligonucleotide pair W104 [5' 
GTGAGATCT^ rGACCAAGTTACCTATACl 
and W105 [5' CAGTCAGTCACGAT GAAT - 
TCC], and a GeneAmp kit (Perkin Elmer-Cetus). 
The Bgfll and EcoRl sites used for cloning are 
underlined on the respective primer sequence, 
while the GST start codon is italicized. Standard 
PCR protocols were employed (Erlich, 1989), 
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using the following conditions: 94°C/1 min, 47°C/2 
min, 72°C/2-5 min for three cycles: 94°C/1 min, 
55°C/1 min, 72°C/2-5 min for 28 cycles; 72°C/10 
min. The products were purified using GeneClean 
[Bio 101], cleaved with BglU and EcoKJ and cloned 
into the BamHI-EcoRI sites of pYEULCBX 
(Macreadie et aL, 1993) to produce pYEULCGT 
and pYEULCGX respectively (Figure 1). During 
the construction of pYEULCGT, a plasmid 
clone was isolated which contained a deletion of 
the thrombin cleavage site. This plasmid was 
designated pYEULCGN. 

To introduce an amino acid linker after the 
thrombin cleavage site in pYEULCGT, the oligo- 
nucleotides Tl [5' GATCTGGTTCCGCGTG] 
and T2 [5' GATCCACGCGGAACCA] were an- 
nealed and inserted into the BamHI site. A clone 
was identified with the insert orientated with a 
BamUl site at the 3' end of insertion — this plasmid 
was called pYEULCGL. The HindlU-BamHl 
fragments of pYEULCGT and pYEULCGL 
were then cloned into pYEULCBX to yield 
pYEULCGS and pYEULCGK respectively. 

The E. coli strain MC1066, genotype A{lacl- 
POZYA) leuB6 trpC9830 pyrF74 : : Tn (Km 
(Casadaban et aL, 1983) was utilized for the main- 
tenance and construction of shuttle plasmids. All 
constructs were confirmed by nucleotide sequence 
analysis. The complete nucleotide sequence of plas- 
mid pYEULCGT (7805 bp) has been deposited at 
GenBank (accession no. L19873). 

Yeast transformations 

S. cerevisiae strains DY150 {MAT a ura3-52 leu 
2-3, 112 trpl-1 ade2-l his 3-11 can 1-100) and 
BZ3M-7Ba (MATa ura3-52 ade8~18 trpl-289 
arg4-16 cupP) were used as host strains for these 
studies. Yeast were transformed by electroporation 
(Becker and Guarente, 1991). Transformants were 
initially selected on synthetic minimal medium 
(0-67% Difco yeast nitrogen base without amino 
acids, 2% dextrose), containing all required supple- 
ments except uracil, solidified with 1 -5% agar. In 
subsequent culturing of transformants both leu- 
cine and uracil were omitted. Yeast transformants 
were authenticated by- back-transformation of 
their plasmid DNA into E. coli (Ward, 1990) and 
subsequent molecular analysis. 

Copper-inducible expression of GST and 
GST-fusions in yeast 

For induced expression ' of GST and GST- 
fusions yeast transformants were grown for 18 h in 



minimal synthetic medium containing histidine, 
adenine and tryptophan (20 ug/ml). The cells were 
then pelletted (3000 g, 5 min), resuspended in the 
same medium and grown for a further 2 h to 
restore log phase growth. Expression was induced 
by the addition of CuS0 4 to 0 5 rrm and the 
cultures were maintained for 2h before harvest 
(3000 g, 5 min). 

Single-step affinity purification of GST and 
GST-metallothionein (MT) 

Cells were disrupted using a Braun-MSK homo- 
genizer with 0-45-0- 50 mm glass beads as described 
(Macreadie et aL, 1993), spun at 3000 g for 5 min 
to remove the beads and unbroken cells and the 
supernatant further fractionated by centrifugation 
at 12 000g for 15 min. The 12 0O0g supernatant 
was applied to glutathione-Sepharose and affinity 
purification performed as previously described 
(Smith and Johnson, 1988), except standard 
phosphate-buffered saline (PBS) was used instead 
of mouse tonicity-PBS and all solutions contained 
1 mM-dithiothreitol to decrease aggregation. 

Protein analysis and Western blotting 

Cell fractions were run on sodium dodecyl 
sulphate- 10-20% polyacrylamide gels (SDS- 
PAGE; Laemmli, 1970; Novex), which were either 
stained with Coomassie Brilliant Blue or electro- 
phoretically transferred to nitrocellulose (Towbin 
et aL, 1979). Western blots were probed with either 
rabbit anti-GST antisera, previously pre-absorbed 
with an acetone powder (Harlow and Lane, 1988) 
derived from DY150 [pYEULCBX], or with unad- 
sorbed rabbit anti-MT. Antibody-bound protein 
was visualized by the use of alkaline phosphatase- 
conjugated goat anti-rabbit Ig antibody (BioRad), 
and subsequent development as described by the 
manufacturer. 

Analysis of copper ion resistance 

Minimal synthetic medium as described above 
but solidified with 2% Phytagar (Gibco-BRL) was 
used for the analysis of copper resistance. Cells, 
previously grown in the absence of copper ions 
were pipetted onto plates containing a series of 
copper ion concentrations. Growth was scored 
after 4-5 days at 30°C. 

Copper analysis 

Thf - copper content of affinity-purified protein 
was feermined using a Perkin-Elmer absorption 
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spectrophotometer at the University of Utah 
Medical Center. 



RESULTS 

Construction of the pYEULCG vectors 

Sequences encoding GST, a protease cleavage 
site and MCS from pGEX-2T and pGEX-3X were 
amplified using PCR and cloned into pYEULCBX 
(Macreadie et al, 1992) to produce pYEULCGT 
and pYEULCGX respectively (Figure 1).. A dele- 
tion of the thrombin cleavage site during cloning 
yielded the plasmid pYEULCGN. The vectors 
pYEULCGN. pYEULCGT and pYEULCGX are 
essentially equivalent to the E. coli vectors pGEX- 
1'N, pGEX-2T and pGEX-3X respectively and 
have the same utility for cloning (Figure 2). This 
permits identical cloning strategies to be used for 
producing GST-fusions in both yeast and E. coli. 

Further variation was made to pYEULCGT by 
inserting a pair of oligonucleotides encoding an 
amino acid linker (Gly-Ser-Ala-Cys) between the 
thrombin cleavage site and the MCS to give the 
plasmid pYEULCGL (Figure 2). The addition of a 
linker has been shown to be important in instances 
where protease cleavage is inefficient (Guan and 
Dixon, 1991). 

Additional derivatives of pYEULCGT and 
pYEULCGL were constructed by moving 
the. HindlU-BamHI fragment of each into 
pYEULCBX, producing pYEULCGS and 
pYEULCGK. These latter two vectors have 
identical cloning sites to pYEULCBX thereby 
assisting the cloning of fragments for production 
of; both non-fused and GST-fused proteins in 
yeast. 

Expression of GST and GST-fusions in S. 
cerevisiae 

The plasmids pYEULCGT and pYEULCGS 
contain a stop codon immediately after the MCS 
and so should produce a protein of ca. 26 kDa, 
comparable to native GST (Smith et al., 1986). 
However, the reading frames of pYEULCGX, 
pYEULCGL and pYEULCGK direct production 
of GST-fusion , proteins which are translated for 
61 codons past the Ser codon shown in Figure 2, 
and so encode proteins of ca. 32 kDa, while the 
pYEULCGN reading frame allows translation of 
a further .51 amino , acids of metallothionein after 
the Asn residue in Figure 2 to produce a GST-MT 
fusion protein of 31 kDa? 



The pYEULCG vectors and pYEULCBX 
were transformed into DY150 by electroporation 
and transformants subjected to Cu 2 + -induction. 
Lysates of induced cultures were subjected to 
SDS-PAGE, transferred to nitrocellulose and 
probed with anti-GST antisera (data not shown). 
The anti-GST detected a predominant protein 
band in each of the pYEULCG transformants 
whose size varied according to the construct 
as expected. No reaction was seen in the 
pYEULCBX transformants. 

Affinity-purification of GST-fusions from yeast 

In order to examine affinity purification of GST- 
fusions from yeast, DY150 transformants harbor- 
ing pYEULCGT and pYEULCGN were induced 
with Cu 2+ . Cells were disrupted with glass beads 
and the 12 000 g supernatant was applied to 
glutathidne-Sepharose and washed extensively as 
described in Materials and Methods. The pooled 
glutathione-elution and the 12 000# supernatant 
and pellet were subjected to SDS-PAGE and 
Western blot analysis. Figure 3 shows that both 
GST and GST-MT were predominantly in the 
12 000 g supernatant and so are produced as 
soluble proteins in yeast. The products eluted from 
the glutathione-Sepharose can be seen as single 
bands after Coomassie staining. The correspond- 
ing bands on Western blots react with anti-GST, 
while the GST-MT also reacts with anti-MT. This 
indicates that not only is this method of affinity 
purification applicable to yeast, but it has the 
advantage of high purity after a single chromat- 
ography step, unlike equivalent E. coli expression 
where contaminants and breakdown products are 
a major problem (A.C.W., unpublished observa- 
tions). The lack of proteolytic cleavage appears to 
be protein independent and required no addition 
of protease inhibitors during cell disruption except 
1 mM-EDTA and low temperature (data not 
shown). The effect of yeast strain on this phenom- 
enon was not investigated. Yields of purified 
fusion protein are of the order 0-5-6-0 mg/1. 

Production of functional GST-MT bv 
pYEULCGN 

The pYEULCGN vector provides an example 
of GST fused to MT, a protein that normally 
functions in copper sequestration and copper 
resistance in yeast (reviewed in Thiele, 1992). 
It wa* ef interest, therefore, to examine the prop- 
erties & the expressed GST-MT fusion protein. 
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MT 

Ser Asp Pro Arg Glu Plie lie Asn Phe fcr^Asn GJu Gly 
TCG GAT C CC CGG G AATTC ATT AAC TTC CAA A AT GAA GGT pYEULCGN 

Thrombin 



Ser Asp LeuVal Pro Arg^ Gly Ser' Pro Gly He His * 
TCG GAT CTG GTT CCG CGT GGA TCC CCG GG AATT_CAT TAA pYEULCGT 

Bamm Smal Ec °™ 

Factor Xa 

Ser Asp Leu Glu Gly Arg I^Gly He Pro Gly Asn Ser 

TCG GAT CTG ATC GAA GGT CGT G GGATC C CC GGG AAT TC A pYEULCGX 
• - - _ BamH1 Smal 



Thrombin 



^Gly Ser 1 Gly Ser Ala Cys He Pro Gly Asn Ser 
GGA TCT GGT TCC GCG TGG ATC CCC GGG AAT TCA 

— _ „. r „ T pYEULCGL 

Thrombin 

+ G,y Sert G 'y Ser AIa Cys "= Arg Ser Cys Are Leu Gin Asn Ser 
GGA TCT GGT TCC GCG TGGATCCQCAGCT GT CGA C TGCAG AAT TCA pYEULCGK 

BamWl „>„„„> — p , n 

_- Thrombin 

i G] y Ser ' Ala Ala Val Asp Cys Arg He His * 
GGA TCC G CA GCT GTC GAC TGC AG A ATT CAT TAA pYEULCGS 

n.nHn.t 2 ; . Th l PXEU o LC . G S + eriCS of vectors " Nucleotide sequences around the MCS with corresponding translation 
™lv i * K Res t tnct ^ n e " 2 y me ^ are shown in italics with non-unique sites in parentheses. Protease 
mdoni; Th f * ? wt corresponding cleavage sites are indicated with an arrow; asterisks indicate stop 

codons. The start of the MT sequence encoded by pYBULCGN is shown. 
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Figure 3(a). 



For this study we utilized the strain BZ31-l-7Ba, 
which is copper sensitive, having only a single copy 
of the CUP1 gene. We compared transformants 
harbouring pYEULCGN with transformants con- 
taining pYEULCB (Macreadie et al, 1991), which 
encodes an active MT with a small N-terminal 
extension, pYEULCBX (Macreadie et al. 9 1992), 
which has the MT start codon mutated so that no 
MT is produced, pYEULCGT, which encodes 
GST, and the strain without a plasmid. Table 1 
compares the copper-resistance of these strains 
and shows that the * GST-MT encoded by 



pYEULCGN does confer resistance to copper 
compared to the non-MT-producing controls. 
Thus the MT fused to GST is functional at seques- 
tering copper ions, even though the N-terrninal 
GST-fusion is large. It is apparent that there is a 
slightly lower level of Cu 2+ -resistance relative to 
pYEULCB which may be due to steric hindrance 
or incorrect folding caused by the GST. Alterna- 
tively, it may be caused by decreased translational 
efficiency of the GST-MT fusion, since the MT 
encoded by pYEULCB uses the native MT start 
codoiw *,-hile the GST-MT of pYEULCGN uses 
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Figure 3(b) and (c). 



Figure 3. Single-step purification of GST and GST-MT proteins from yeast using glutathione-Sepharose affinity chromatogra- 
phy as described in Materials and Methods. Equivalent amounts of the 12 000 g supernatants and pellets, and a sample of the 
eluted protein were analysed in triplicate by SDS-PAGE. One gel was stained with Coomassie blue-R250 (A) while the others were 
blotted to nitrocellulose for probing with rabbit anti-GST (B) or anti-MT (C). Samples are: lane M, molecular weight markers 
(BRL), lanes 1 and 2, 12 000 g supernatant and pellet respectively of induced DY150 (pYEULCGN); lane 3, affinity-purified 
GST-MT; lanes 4 and 5, 12 000 g supernatant and pellet respectively of induced DY150 (pYEULCGT); lane 6, affinity-purified 
GST. 



an introduced ATG downstream of the native start 
codon, and the MT is a much smaller protein. 
Other possible influences, such as differences in 
protein or mRNA turnover rates, cannot be ruled 
out. 

Atomic absorption spectrophotometry on the 
affinity-purified proteins detected Cu(I) bound to 
GST-MT (6*4 ± 3*9 Cu/molecule) but not to GST 
(=^0-2 Cu/molecule). This compares to the 7-8 Cu7 
molecule estimated to be bound when all sites are 
occupied on native,MT (Winge et ah, 1985). This 
suggests that Cu 2+ -resistance is due to direct bind- 
ing of Cu 2+ to the MT of the GST-MT fusion. 



DISCUSSION 

We have constructed new E. coli-S. cerevisiae 
shuttle vectors for Cu 2+ -regulated expression of 
foreign proteins as GST-fusions to facilitate puri- 
fication of recombinant proteins by affinity chro- 
matography. The primary vectors, pYEULCGN, 
pYEULCGT and pYEULCGX, provide equiva- 
lent cloning strategies to those for the E. coli 
pGEX counterparts, allowing genes to be conve- 
niently cloned and expressed in parallel in both 
system. The vector pYEULCGL offers a further 
modii'kj&iion for applications where more efficient 
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Table 1. Growth of S. cerevisiae strain BZ3I-l-7Ba and transformants on plates 
containing CuS0 4 



Plasmid-encoded 
Cu 2 *-induced 



Copper concentration (mM) 



Plasmid 


product 


000 


0-10 


0-20 


0-50 


100 


1-50 


None 


None 


-f + 


+.+ 










pYEULCBX 


None 




+ + 


+/- 








pYEULCB 


MT 


+ + 


+ + 


+ + 




+ 




pYEULCGN 


GST-MT 


+ + 


+ + 


+ + 


+ 







- No growth; +/- scanty growth; + partial growth; + +maximal growth. 



cleavage is required. In addition, the vectors 
pYEULCGS and pYEULCGK provide the;, 
same cloning capacity as the pYEULCBX vector, 
facilitating expression of recombinant proteins 
in a non-fused or a GST-fused conformation 
depending on the choice of vector. 

We have shown the production of a functional- 
GST-MT fusion as an example of the applications 
of these plasmids. The GST-MT protein provided 
protection from Cu 2+ -toxicity in a sensitive 
yeast strain, and was shown to bind copper 
ions. ''Arfinify-chromatography with glutathione-' 
Sepharose has allowed single-step purification of 
the GST-MT fusion protein. In addition the use of 
such GST-fusions has wide potential for use in 
analysing protein-protein interactions both in vitro 
and in the yeast cell environment. These vectors 
therefore provide an attractive -adjunct to the cur- 
rent pYEULC series of vectors and provide an 
alternative to E. coli production of GST-fusions. 

After the primary submission of this manu- 
script, Mitchell et al. (1993) published details of 
two vectors for expression of GST-fusion proteins 
in yeast. In addition, they showed that one such 
fusion, GST-Ras2p, undergoes correct post- 
translational modification, which further increases 
the attractiveness of using yeast GST-fusions for 
the expression of eukaryotic proteins. The vectors 
described in this report, however, present an 
attractive alterative to those of Mitchell et al 
(1993), since they are more convenient for cloning, 
providing all three reading frames for cloning and 
completely compatible sites to the widely used 
pGEX vectors. Also, the use of a different pro- 
moter offers increased flexibility, for example, in 
co-expression studies - JTor 'determining protein- 
protein interactions. 



ACKNOWLEDGEMENTS 

A.C.W. acknowledges receipt of an Australian 
Postgraduate Research Award. We are indebted to 
Lisa Raschke for synthesis of oligonucleotides, ' 
Professor Dennis Winge for the anti-MT antibody 
and the atomic absorption: spectrophotometry 
data, Kathy Davern for the anti-GST antibody, 
and Drs Casadaban, Stillman, Welch and Fogel 
for strains used in this study. We also respectfully 
thank John Bentley and Dr Paul Vaughan of the 
CSIRO Division of Biomolecular Engineering for 
critical reading of the manuscript. 



NOTE ADDED IN PROOF 

These vectors are available from AMRAD 
Operations Pty. Ltd., Private Bag 6, Kew, 
Victoria 3101, Australia (fax +613 853 0607). 
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The preparation of pure and homogeneous membrane proteins or membrane protein cmj 
consuming, and the yields are frequently insufficient for structural studies. To circumvent iu$ 
we established an indirect imniuno affinity chromatography method based oh engineered Fv 
cDNAs encodfesgrthe variable domains of hybridoma-derived antibodies raised against various r^iriM^be^ 
proteins were cloned and expressed in Escherichia coli. The Fv fragments were engineered to sentfa&' 
bifunctional adaptor molecules. The Fv fragment binds to the epitope of the membrane protein, while^&T 
Strep tag\ affinity peptide, which was fused to the carboxy-terminus of the V H chain, immobilizes the 
antigen-Fv complex on a streptavidin sepharose column. The usefulness of this technique is illustrated with 
membrane protein complexes from Paracoccus denitrificans, namely, the cytochrome c oxidase (EC 
1.9.3J), the ubiquinohcytochrome c oxidoreductase (EC 1.10.2.2), and subcomplexes or individual 
subunits thereof. These membrane proteins were purified simply by combining the crude R denitrificans 
membrane preparation with the E. coli periplasmic cell fraction containing the corresponding Fv frag- 
ment, followed by solubilization and streptavidin affinity chromatography. Pure and highly active mem- 
brane protein complexes were eluted in the Fv-bound form using diaminobiotin for mild competitive 
displacement of the Strep tag. The affinity column could thus be reused under continuous operation for 
several months. Five to 10 mg of membrane protein complexes could be obtained without any detectable 
impurities within five hours. 
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Membrane protein complexes such as the ubi- 
quinohcytochrome c oxidoreductase (EC 
1.10.2.2, also known as cytochrome be, complex 
or complex IU) and the cytochrome c oxidase (EC 
1.9.3.1, also known as cytochrome aa 3 or com- 
plex IV) have, until now, been purified using 
classical biochemical tools like ion-exchange 
chromatography or molecular sieve chromatography 1 - 3 . 

Other membrane proteins are only available in minute quan- 
tities from natural sources or even when produced with the help 
of homologous and heterologous expressions systems 4 . As a 
consequence, extremely high purification factors are required to 
obtain a homogeneous protein preparation. Unfortunately, the 
performance of conventional purification methods on the basis 
of properties like charge, size, hydrophobicity etc. becomes 
worse in the presence of detergents. Therefore many scientists 
favor the use of affinity chromatography based on fusion pro- 
teins 5 , ligands 6 or antibodies. Numerous proteins have been 
purified by immunoaffinity chromatography using mono- 
clonal 7 - 8 or polyclonal 9 * 10 antibodies. The antibody or its frag- 
ments" were either covalently coupled to activated matrices 12 -' 3 
or trapped by irnmobilized Protein A 14 or G M1 -\ Immunoglobu- 
lins were also chemically activated and crosslinked to solid 
supports or biotinylated 16 and immobilized on streptavidin 
matrices 17 . Although immunoaffinity columns 8 usually offer 
purification factors of 100-10,000, their widespread use is lim- 
ited by the lack of elution protocols for the recovery of native 
protein due to the strong interaction between antibody and anti- 
gen. Elution of a whole antigen-antibody complex has only been 
possible in a few cases' 3 - 38 . Bearing in mind the key features of 
the antibody molecule, namely the combination of antigen spe- 
cificity with functional coupling to other systems, novel bifunc- 
tional Fv adaptor molecule were created. 

In this paper, we describe the cloning, production and use of 
engineered Fv fragments for the one-step immunoaffinity purifi- 
cation of multisubunit integral membrane protein complexes. 



The concept introduced here is based on the production of 
functional antibody Fv fragments in E. coli l& (for review see ref . 
19) and on the Strep tag 20 affinity peptide. We demonstrate the 
potential of this method for two membrane protein complexes 
and several subunits or subcomplexes depending on the stability 
of the membrane protein and the nature of detergent used. 

Results 

Vector construction for Fv expression. pASK68 (Fig. 1) 
was designed as a cloning and expression vector for the bacterial 
production of Fv fragments displaying the Strep tag 20 at the C- 



Xbal p s tl 




FIGURE 1. Schematic representation of plasmid pASK68, a 
cloning and expression vector for the bacterial production of 
Fv fragments. The unique restriction sites used for cloning of 
the Ig variable domain genes are printed in bold and under- 
lined. See results and Figure 2 for additional details. 
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REF. I $ 



C 1 TTAGG CACCCCAGG CTTTACACTTTATG CCGGCTCGTATGTTGTGTGGAATTGTGAG CGGATAACAATTTCA 
< "35> < -10> +1 



RBS Xbal RBS 

76 CACAGGAAACAGCTATGACCATGATTACGAATTTCTAGATAACGAGGG 
~ 21 <"> <--> m h k t a i a 

ompA - > 

PstI 

151 ATTGCAGTGGCACTGGCTGGTTTCGCTACCX^ 

-14 i ava 1 a g f a tv a q a BVKLQB SGAG L 

V H domain - - > 

226 GTGAAACCrrrCTCAGTCTCTGTCCCTCACCTGCACTGTCAC^ 
12 VK P S Q S 1> S LT C TVTG P S I TS DYAWN 

< CDR-H1 > 

3 01 TGGATCCGGCAGTTTCCAGGAAGCAAACTGGAGTGGATG^ 
37WIRQF PGS KLEWMGFI SYTGTARY N 

< CDR-H2 

3 76 CCATCTCTCAAAAGTCGAATCTCTATCACTCGAGACACATCCAAGAACCAGTTCTTCCT 
62PSLKSRIS IT RDTSKNQPFLHLNSV 



B 



451 ACTACTGAGGACACAGCCACATATCACTGTGCAAGGTGGGGGGATGGTCCCTACTCCTACTACrrCT 
87TTEDTATYHCA RW.GDGPYSYYSNYW 

< CDR-H3 - > 

BstEII RBS 
526 GGCCAAGGGACCACGGTCACCGTCTCCTCAGCGTGGAGGCATCCACAGT^ 

GQGTTVTVSSAWRHPQFGG * <--> 

< Strep tag > 

601 TAAAGTGAAACAAAGCACTATTGCACTGGCACTCTTACCGT 

-21 .. Y st i a 1 a 1_, l.p. 1_. 1_ f t p y t k. a, p_ .1.5. 

phoA -> V L domain 

SstI 

676 GCTCACCCAGTCTCCACTCACTTTGTCGGTTATCATTGGACAGCCA^ 

4LTQSPLTLSVI IGQPASISCRSSQS 



751 CCTCTTATATAGTAATGGAAAAACCTATTTGAATTGGATATTACTC^ 
29LLYSNGKTYLNWILLRPGQSPKRLI 
CDR-L1 > 

826 CTATCTGGTGTCTAAACTGGACTCTGGAGTCCCTGACAGGTTCACTG 
54YLVSKLDSGVPDRFTGSGSGTDFTL' 
c CDR-L2 > 



901 GAAAATCAGCAGAGTGGAGGCTGAGGATTTGGGAGTTTATTACTGCGTGCAAGGTACACATTT^ 
79 KI SRVEAEDLGVYYCVQ.GTH FPYTF 

< CDR-L3 > 

Xhol 

976 CGGAGGGGGGACCAAGCTCGAGATCAAACGGGAACAAAAACTCATCTC^ 

104 GGGTKLBIKREQKLISEEDLN* 

< c-myc tag > 

Hindi I I 

1051 TAAGCTITJACCTGTGJAGTGAAAAATGGCGCACATTC 

FIGURE 2. Nucleotide sequence of the dicistronic operon for Ig variable domain genes (V H and VJ of the hybridoma cell line 

expression of 2D6 Fv fragment in plasmid pASK68. The -10 and 2D6 were fused in pASK68 via PstI and BstEII restriction sites 

-35 consensus sequences of the lac promoter/operator, as well for V H and SstI and Xhol for V L to the signal sequences OmpA 

as the transcriptional start point are indicated. The tandem and PhoA on their 5' ends and to the affinity tags Strep tag and 

ribosomal binding site (RBS) consists of a short 5'-terminal c-myc tag on their 3'sides. The complementary determining 

region from the /acZ gene with its RBS, followed by the coding region residues according to the hypervariable sequence defi- 

region for the OmpA signal peptide together with its RBS. The nition" are underlined. 



nus of the V H domain and the c-myc tag 21 at the C-ternyn^SL^sjtes for V L , permitting direct fusion to the signal sequences as 



well as to the affinity tags (see Fig. 2). In the generic vector 
pASK68 the variable domain genes were replaced by short 
cloning sites as described 24 . 

Cloning and expression of hybridoma-derived antibody 
V-gene regions. Hybridoma cell lines producing monoclonal 
antibodies raised against the membrane proteins cytochrome c 
oxidase and the ubiquinol: cytochrome c oxidoreductase of the 
bacterium R denitrificans were established according, to stan- 
dard methods 7 . Three hybridoma cell lines were chosen for 
cloning of the variable regions and production of engineered Fv 
fragments for immunoaffinity purification experiments. The 
7D3 antibody binds to the Rieske-typ& iron sulfur protein sub- 




. domain. pASK68 possesses the regulatory elements of 
. 22) from \vhich it was constructed in several steps 
1 mutagenesis and PCR following standard meth- 
enccding N the two affinity tags were taken 
e^ribe^T^ius pASK68 carries an artifi- 
cial dici^rmrn^perorNferthe simultaneous expression of the V H 
and V L chain/ojjhe-^^ unde^ transcriptional control 

of the lac prter^erT^n^r co-secretion to the periplasm is 
directed by the bacterial sifehal sequences of OmpA and PhoA, 
^respectively. Insertion of mffe>ent Variable domain genes is 
possible via PstI (or Nsil, which yields a compatible sticky end) 
and BstEII restriction sites for V H arid SstI and Xhol restriction 
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unit and the 2D6 antibody to the cytochrome b subunit of the 
cytochrome be, complex, while the 7E2 antibody recognizes the 
native cytochrome c oxidase. Antibody V H and V L genes of these 
hybridoma cell lines were amplified by RT-PCR (reverse 
transcriptase-polymerase chain reaction) or inverse PCR and 
cloned into pASK68 using methods described previous! y 25 - 28 
(see also Experimental Protocol). The RT-PCR approach is 
pragmatic and fast compared to other methods, however, the 
original sequence may be modified in those regions where the 
primers anneal, and the amino acid changes may even lead to 
altered affinities. Since it was not possible to clone all V-gene 
regions directly from hybridoma derived first strand cDNA by 
PCR with published oligonucleotides, we developed a new set 
of degenerate PCR-primers for the different murine subgroup 
V-gene regions. 

In the presence of pseudogenes or very untypical V(D)J 
sequences the inverse PCR method was applied 26 - 28 . One of the 
most common fusion partners used in hybridoma technology is 
the nonsecretor myeloma cell line P3-X63-Ag8.653 (ref. 29). 
This cell line transcribes a nonfunctionally rearranged V H (Gen- 
Bank Accession Number X58634) and V L Kappa gene 30 (Gen- 
Bank Accession Number X05184, KO0888, M35669). In several . 
cases, amplification of these pseudogenes in addition to the 
functional V H and V L antibody genes, could not be prevented. 

The synthetic dicistronic operon for expression of 2D6 Fv 
cDNA in pASK68 is shown in Figure 2. The sequences of 7D3 
and 7E2 Fv will be published elsewhere. The Fv fragments were 
produced in the E. coli K12 strain JM83 transformed with the 
corresponding pASK68 derivatives. The Fv fragments were 
purified from the periplasmic fractions of induced bacteria by 
streptavidin affinity chromatography 31 . The spectroscopically 32 
determined yields were approximately 0.2 mg (2D6), 0.6 mg 
(7D3) and 1 .0 mg (7E2) Fv fragment from a 1 liter shake flask 
culture (final OD 550 = 1-1 .2). 

Immune complex chromatography. Depending on the sta- 
bility of the membrane protein and the detergent used, cyto- 
chrome c oxidase, cytochrome be, complex, subcomplexes or 
individual subunits were purified to homogeneity as immune 
complexes with the corresponding Fv fragments by one-step 
streptavidin affinity chromatography 31 . For this purpose R deni- 
trificans membranes were combined with the E. coli periplas- 
mic fraction containing the appropriate Fv fragments, followed 
by solubilization and ultrac^ntrifugation (see Experimental Pro- 
tocol). A typical elution profile of the cytochrome c oxidase / 
7E2 Fv complex from the streptavidin column and the corres- 
ponding SDS-PAGE gel are shown in Figure 3 . In the case of the 
cytochrome c oxidase the spectroscopically determined yield 
(ratio of purified co-complex compared to complex initially 
present in the soluble protein fraction after ultracentrifugation) 
exceeded 75% and the purification factor was greater than 100. 
Estimating membranes with increasing amounts of periplasmic 
a stoichiometric complex of the cytochrome c oxidase 
k fragment could be directly purified as judged by 
ation removing excess Fv (Fig. 4A). The cyto- 
" se jn complex wj|h the 7E2 Fv fragment is at 
" "^respect to cylocfirome c oxidation as native 
pig. 4B) purified by conventional meth- 
^compositidn? (44, 32, 22 kD) plus a 
; oxidase was observed by SDS- 
y 00 {TX}"Avas used instead of 
solubilizaubn of the cyto- 
(44 and 32NkDa) were 
fas is ^nsistent with previous 
pnal ptrafication methods using 
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ods. Th 
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<■ PAGE (Fig. 3 , 
^dodecyl ' j3-D-mall 
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TX or LMxas detergents. The cytochro^ be, /complex was 
purified as a ce^complex with either the 7D3 or the 2D6 Fv 
fragment by streptavidin affinity chromatogriphy (Fig. 5). 
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FIGURE 3. Immunoaffinity chromatography of the cytochrome 
c oxidase complexed with the 7E2 Fv fragment. (A) Elution 
profile of a typical immune complex chromatography column 
run. The protein was monitored at 280 nm. Aliquots were taken 
at the points indicated by the numbers 4-7 (corresponding to 
the lanes in (B)) and subsequently analyzed by SDS-PAGE. (B) 
The aliquots from (A) were analyzed by SDS-PAGE 43 (15%) 
under reducing conditions and stained with Coomassie bril- 
liant blue R250. Periplasm of E. coli clone 7E2 Fv (lane 2) was 
combined with R denitrificans membranes. The supernatant 
after ultracentrifugation (30 min, 200,000 g) of the solubilized 
crude protein mixture (lane 3) was subjected to streptavidin 
affinity chromatography (see (A) and Experimental Protocol). 
The flow through (lane 4) and subsequent washing steps 
(lanes 5, 6) show almost complete retardation of the cyto- 
chrome c oxidase/7E2 Fv complex. The purified immune com- 
plex (lane 7) was eluted with 5 mM diaminobiotin. Streptavidin 
affinity purified 7E2 Fv fragment (lane 8), conventionally puri- 
fied cytochrome c oxidase 2 (lane 9) and molecular weight stan- 
dards (lane 1) are shown for comparison. 



However, different ratios of subunit compositions were observed 
upon prolonged washing with detergent-containing buffer indj^. 
eating that the be, complex is unstable^ Therefore the be, com- ^ 
plex was subjected to isoelectric focusing (DEF) and native 
PAGE according to Schagger and Jagow 36 . In both experiments 
the be, complex disintegrated almost completely into its individ- 
ual subunits. This result suggests that the conditions of the 
immune complex chromatography are milder than those of IEF 
or native PAGE. Consequently, the obvious disintegration of the 
be, complex was employed for the purification of its individual 
subunits (Fig. 5). The cytochrome b subunit was purified with 
the 2D6 Fv fragment in the presence of «-octyl jS-r>gluco- 
pyranoside (OG), while the Rieske type iron sulfur protein was 
purified with the 7D3 Fv in the presence of either OG or N- 
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FIGURE 4. (A) 150 ul («=1 mg protein) of the immunopurified 
cytochrome c oxidase / 7E2 Fv complex (see Fig. 3) was 
injected to a TSKgel G 3000 SW (7.5 mm ID x 60 cm) HPLC gel 
filtration column (Toso Haas) equilibrated with PBS (pH 6.8, 
0.05% LM) at a flow rate of 1 ml/min. The protein was moni- 
tored at 280 nm and 420 nm. The highly active Fv complexed 
cytochrome c oxidase (Fig. 4B) was eluted after 12.6 min while 
an excess of the 7E2 Fv fragment was eluted at 23.6 min. (B) 
Comparison of the enzyme activity 33 (recording of the oxida- 
tion of reduced horse cytochrome c at 550 nm) showed that the 
cytochrome c oxidase complex with the Fv fragment 7E2 (Fig. 
3, see Experimental Protocol) was at least as active as conven- 
tionally purified cytochrome c oxidase 2 . 



lecyl-N,N-dimethylamine-N-oxide (LDAO). The purity and 
* of these individual subunits of the be, complex were as 
the case of the isolated cytochrome c oxidase, 
ical and functional characterization of the puri- 
Fv fragments directly purified by streptavidin 
graphy and analyzed by SDS-PAGE under 
ig. 3B) gave v rise to a double band of the 
corresponding tp v the V H and V L chains 
ser^e of the^c^r>ic tag 21 fused to the V L 
cted to the V^hain was confirmed 
shownXCrystals oHhe 7E2 Fv frag- 
Lys up to 1 X resolution 
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, Function/and Genetics, 
hie analysis confirmed 
> Binding of the mAb's 
and Fv fragments to the corresponding antige^f^ are in the nM 
range) was analyzed using surface plasmonrpsonance (data will 



be published elsewhere), ELISA (data not shown) and HPLC gel 
filtration (Fig. 4A); calibration with a standard revealed that all 
Fv fragments investigated eluted as a monomer with an apparent 
molecular weight of ~ 28 kD. No dimer formation or aggrega- 
tion was observed. The complex of 7E2 Fv fragment with the 
cytochrome c oxidase is at least as active as the native cyto- 
chrome c oxidase purified by other methods 2 (Fig. 4B). Thus the 
bound Fv fragment behaves like an additional inert subunit not 
influencing the activity of the protein. 

Discussion 

The novel purification strategy for membrane proteins 
described here offers several attractive features. It is indepen- 
dent of the choice of the raw material or the expression system 
overproducing the target molecule (antigen). This is particulary 
important for the production of membrane proteins, because 
currently procaryotic, unicellular eucaryotic, multicellular 
eucaryotic, viral or transgenic animal expression systems are in 
use or under investigation 37 . Secondly, the use of an Fv frag- 
ment, which interacts noncovalently with the affinity matrix as 
an adapter molecule for the purification of the membrane pro- 
tein, bypasses several cumbersome aspects of irnrnunoaffinity 
chromatography 8 * 11131 ^ 17 ' 38 . Since monoclonal antibodies can 
have extremely high binding constants, the antigens frequently 
cannot be recovered in their native form. The widespread use of 
irnrnunoaffinity chromatography is especially limited, if the 
antigen is an integral multisubunit membrane protein complex. 
The covalent coupling of monoclonal antibodies 812 or their cor- 
responding fragments' 1 to chemically activated matrices 
decreases the capacity of the irnrnunoaffinity column due to 
potential inactivation of antigen binding sites. In addition, 
immunoglobulins have to be purified for this purpose. Alterna- 
tively, purified antibodies were biotinylated' 6 and then bound to 
the antigen in solution. The antigen-antibody complexes were 
immobilized on a streptavidin-agarose column 17 , and the antigen 
subsequently eluted. These columns are, however, not reusable. 
Elution of the antigen-antibody complex via a chemically cleav- 
able connector, thus sacrificing the column 13 is inefficient. Pro- 
tein A or G matrices bind immunoglobulins or even their 
fragments with a high binding constant and have therefore 
become popular for the immunopurifi cation of antigens. How- 
ever, only in some cases has it been possible to elute antigen or 
the Ig bound antigen in the native state 38 . 

In contrast, generally applicable elution protocols exist for 
competitive displacement of the immunopurified antigen-Fv 
complexes from the streptavidin column 31 . The Strep tag was 
derived through the random peptide library-assisted engineering 
of a C-terminal affinity peptide fused to the V H chain of an Fv 
fragment 20 . Consequently, the 7E2 Fv fragment was completely 
adsorbed to the streptavidin column and recovery was nearly 
100 % . This fact may also be the reason for the reproducibly high 
yields of the Fv-membrane protein complexes and purification 
factors achieved in the immune complex chromatography The 
preparation of a high capacity streptavidin sepharose affinity 
column 31 is routine and inexpensiye. Due to the extreme stability 
of the immobilized core streptavidin the column is reusable for 
several months under continuous operation. 

The Fv fragments are globular adapter molecules with the 
antigen binding site and the Strep tag affinity tail on the opposite 
ends. Thus sieric hindrance during binding of the antigen-Fv 
complex to the streptavidin column is rrunirnized. Furthermore 
the Fv fragments may stabilize the membrane proteins upon 
binding. The specificity of the streptavidin column for the engi- 
neered Fv fragments and antigen-Fv complexes is excellent 31 . In 
none of the chromatography experiments was contaminating 
protein detectable, either on SDS-PAGE gels or during HPLC 
gel-filrration. 
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FIGURE 5. Immune complex chromatography of the cyto- 
chrome c oxidase, the cytochrome bc t complex and subcom- 
plexes or individual subunits thereof. After immunoaffinity 
purification of the antigen-Fv complex from the mixture (lane 
2) consisting of periplasm (lane 1) and membrane preparation 
(lane 3) (see Experimental Protocol) eluted material from sev- 
.A ra J chromatography experiments was analyzed by SDS- 
PAGE« (15%) under reducing conditions and stained with 
Coomassie brilliant blue (R250). Lane (4) purified cytochrome 
c oxidase (detergent = LM; subunit I 44, subunit II 32, subunit III 
22, additional peptide ~ 10 kD; 7E2 Fv fragment 14 kD), lane (5) 
purified cytochrome c oxidase (detergent = TX; subunit I 44, 
subunit II 32; 7E2 Fv fragment 14 kD), lane (6) purified cyto- 
chrome be, complex (detergent = LM; complex of cyt b/2D6 Fv 
fragment 75 kD, cyt c, 62 kD, cyt b 39 kD, native FeS 20 kD, 
denatured FeS 22 kD; 2D6 Fv fragment 15 kD), lane (7) purified 
cytochrome b (detergent = OG; cyt b-2D6 Fv complex 75 kD, 
cyt b 39 kD; 2D6 Fv 15 kD), lane (8) purified ft/eske-type iron 
sulfur protein (detergent = OG or LDAO; FeS Protein 20 kD; 
7D3 Fv 14 kD). 



Starting from membranes and periplasm the purification 
procedure can be completed in 4-5 hours. Thus, the one step 
purification strategy surpasses conventional purification meth- 
ods by saving time, resources (the Fv fragments need not be 
purified) and protecting the target molecule from harmful side 
effects like proteolytic degradation or denaturation during pro- 
longed multiple step purification protocols. In principle, the Fv 
* tents can be immobilized on the streptavidin column from 
1 smic fraction prior to loading the solubilized crude 
fraction, oY alternatively, purified Fv fragments can 
A he membrane, fraction, instead of E. coli periplas- 
dth no significant difference . in performance, 
and kinetic aspects of complexing the anti- 
tent in solution favor the experimental 
exchange^ or buffer change can be 
lex chromatography. For the 
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OH), CjoEft, CjjEg were all successfully tested in different 



buffers to at least two times the critical micellar concentration 
(CMC). Finally, considering that numerous monoclonal anti- 
bodies directed against many known proteins are available, this 
method should be widely applicable and can easily be extended 
to scFv or Fab fragments. 

Because an antigen-Fv complex is purified, the irnmune- 
complexed form of the antigen may show a modulated activity. 
In our experience, however, only 1 in 10 antibodies tested altered 
the activity of the membrane proteins studied, suggesting that 
most Fv fragments will behave as inert additional subunits of the 
target protein or protein complex. To circumvent the problem of 
those Fv fragments which may influence the activity of the 
membrane protein, we propose fusing a linear epitope of a well 
characterized monoclonal antibody to the protein under investi- 
gation. In order to remove the Fv fragment from the protein, a 
proteolytic cleavage site can be incorporated. For this approach, 
however, a recombinant expression system for the membrane 
protein would have to be established. Alternatively, competitive 
displacement with a peptide may be employed. Possible limita- 
tions of the Fv adapter molecule purification strategy might 
depend on the nature of the Strep tag fusion peptide sequence. 
The - system is restricted to the neutral or alkaline pH due to 
potential pTotonation of histidine in the HPQ core sequence of 
the Strep tag at lower pH values, which reduces the affinity of 
the tag to the streptavidin column. Because any tag used for 
purification is exposed to the solvent, it might be accessible to 
proteinases; Scrfar, proteolyticdegradation of the Strep tag was 
not observed. 

Since the purification method presented here works well with 
multimeric integral membrane protein complexes, which are 
stable only in mild detergents, we expect that it can be and will 
be used frequently to overcome the limiting problem for struc- 
tural studies, namely the availability of sufficient amounts of 
pure material. 

Experimental Protocol 

Cloning of antibody V-gene regions. Cells (10 6 ) of the murine hybri- 
doma cell lines were lysed in 1 ml guanidinium thiocyariate buffer (4 M 
Git, 25 mM NaAc pH 6, 1 % mercaptoethanol) and passed several times 
through a needle (0.4 X 19 mm) to shear chromosomal DNA. Total RNA 
was pelleted (5h, 259,000g, TLS-55 rotor) through a cesium chloride 
cushion (5.7 M CsCl, 25 mM NaAc pH 6), solved in DEPC treated water 
(100 /il) and precipitated with ethanol 23 . First strand cDNA was synthe- 
sized in a 20 /il reaction in the presence of oligo(dT) or specific constant 
region primers according to the manufacturer's instructions (Superscript 
Plus RNase H- Reverse Transcriptase, GIBCO BRL). One ^1 of this 
solution was used to amplify the V(D)J regions of the antibody V-genes 
with published primers 23 - 27 or later with our own primers in a 100 /d 
standard PCR 39 reaction following the recommendations of the suppliers 
(Pfu-Polymerase, Stratagene; Taq-Folymerase, Promega). Restriction 
sites (PstI, BstEII, SstI or Xhol) for cloning in pASK68 were incorporated 
into the PCR-primers: (V x -chain: VLC1T 5 -CAGGCTGAGCTCACTCA- 
GGAATCTGCACTCACC-3 VLR1T 5'-CCTAGGACC7CG>lG(C/T)TT- 
GGTTCC(A/T)CC(A/G)CCGAA-3'; V.-chain: VKC1T (subclass 
1,2,3,5) 5'-GACATTGyiGC7CAC(AyC)CAG(A/T)CrcCA(G/T)(C/T)C- 
TCCCTG(G/T)CTG-3\ VKC2T (subclass 4,6) 5 '-GACATTGAGC7CAC- 
CCAG TCTC CAGCAATCATG(G/T)CTGC-3', VKR1T (subclass 1-6) 
5 / -CCGTTTCAGC7r:G J 4GCrTGGT(C/G)CC(A/T) (C/G)C(A/T)CCG- 
AACGT-3'; V H -chain: VHC1T 5 '-GAGGT(G/T)(A/C) AG CTGCAG(CI 
G) AGTC(A/T)GGG(C/ G)CTGGC (C/T)TGGT- 3 ' , VHR1T 5'-TGAGGA- 
GACGG7t;ACCGTGGr(G/G)CCTTGGCCCC(A/)-3'). The DNA frag- 
ments obtained from PCR were purified from low or high melting point 
agarose gels, cut with the respective endonucleases and cloned 23 in 
pASK68 for sequence determination 40 (sequencing primer for pASK68 : 
primer 1233: 5 '-AGCGGATAACAATTTCACACAGGA-3 ' , primer 3: 5'- 
TGGGTGAGCTGGATGTC-3 ' , primer 2a: 5'-CGGTCACCGriCTCCrcA- 
3\ primer 1: 5 '-CGCAGTAGCGGTAAACG-3 ') , expression and produc- 
tion of Fv fragments. In the presence of pseudogenes or very untypical 
V(D)j sequences RNA of the hybridoma cells was prepared as described 
above. 3'-UTR-5'-UTR-L,L2V(D)JAC regions (covering the 3' untrans- 
lated region (3'-UTR), the 5-UTR; L, (part of leader sequence encoded 
by the first exon of Ig genes), L^VJ or L2VDJ (exon of Ig genes consisting 
of rearranged V region of L chain or H chain and part of the first constant 
domain (AC)) of the antibody circular ds-cDNA were amplified by inverse 
PCR, cloned and sequenced in pBS or Bluescript II KS (Stratagene) as 
published elsewere 26 . The sequenced regions were amplified in a second 
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PCR with degenerate primers or special designed primers to conserve 
authentic V„ and V L sequences for cloning in pASK68. 

Expression of Fv fragments. The Fv fragments encoded by the 
pASK68-derivatives were produced using E. coli K12 strain JM83 (ara, 
Mlac-proAB), rpsL, <f>80lacZAMI5) (ref. 41). Cells were grown at 22 °C 
in Luria broth (LBp containing 100 pg/m\ ampicillin to an A 330 of 0.5. 
Expression was induced by adding isopropyl £-D-thiogalactopyranoside 
(1PTG) to a final concentration of 0.5-1 mM and continued over 3 hours. 
For preparation of the periplasmic cell fraction, the cells from a 1 L 
culture were collected by centrifugation, resuspended in 10 ml 50 mM 
Tris/HCl, pH 8.0, 500 mM sucrose, 1 mM EDTA and kept on ice for 30 
rnin. The spheroplasts were removed by centrifugation and the superna- 
tant passed through a sterile filter (0.2 /im). Avidin was added to a final 
concentration of 40 tig/ml for the complexation .of endogenous biotin 
groups in order to protect the strepavidin column. 

Production of the streptavidin CH sepharose 4B column. Recom- 
binant core streptavidin was prepared exactly following published proto- 
cols 31 . The functional tetrameric streptavidin was coupled to activated CH 
sepharose 4 B (Pharmacia) at 5 mg streptavidin per ml gel according to the 
manufacturer's instructions. 

Membrane protein preparation. For preparation of membranes 
enriched in cytochrome c oxidase, wild type P. denitrificans ATCC 13543 
was grown in methanol medium, and membranes for immunoaffinity 
purification of the be, complex were prepared as previously described 42 
from an overproducing strain (deletion strain G440 transformed with 
plasmid pEG436), which was grown aerobically at 32 °C in succinate 
medium. Membranes were thawed and the protein concentration adjusted 
to approximately 10 mg/ml in 50 mM Tris/HCl or 50 mM potassium 
phosphate buffer pH 8.0, 1 mM EDTA, 100 mM NaCI, 100 Pefabloc 
(Merck) and the appropriate volume of the periplasmic fraction from E. 
coli containing equivalent amounts of a corresponding Fv fragment. Solid 
n-dodecyl 0-D-maItopyranoside (LM) or /i-octyl 0-D-glucopyranoside 
(OG) or N-dc«lecyl-N,N-a^emylamine-N-oxide (LDAO, 30% stock 
solution) were added to a ratio of 1-1 .5 g/g of protein and the mixture was 
stirred at 4 °C for 45 min. After centrifugation at 200,000-g fbr-3G-rnirh the 
pellet was discarded and the supernatant was directly subjected to the 
streptavidin affinity chromatography. 

Immunoaffinity chromatography. The crude protein mixture 
(~ 100 ml) was loaded on the pre-equilibrated (50 mM Tris/HCl, pH 8, or 
PBS (4 mM KH 2 P0 4 , 16 mM Na 2 HP0 4 , 115 mM NaCI), pH 8, containing 
0.025% n-dodecyl j3-D-maltopyranoside (LM) or 1% /i-octyl /S-D-gluco- 
pyranoside (OG) or 0.1% N-dodecyl-N,N-dimethylamine-N-oxide 
(LDAO) as detergent) streptavidin sepharose column (10 ml, 1 .5 cm 2 ) with 
a flow rate of 30 ml/h. After washing the column with 25 ml equilibration 
buffer containing in addition 150 mM NaCI, 2 mM MgCl 2 the antigen-Fv 
complex was eluted with 5 mM diaminobiotin (Sigma) pH 8 or 5 mM 
Lipoic acid (Merck) pH 6 in equilibration buffer. The chromatography 
was performed at 4°C 

Isoelectric focusing. The protein sample was desalted on a PD10 
column (Pharmacia) equilibrated with 20 mM KPi, pH 8, 0.05 % LM and 
subjected to IEF using the Multiphor D System (Ultrodex, ampholytes 
3-10, 0.05% LM, 4 Watt) according to the manufacturers recommenda- 
tions (Pharmacia). 
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(57) Abstract 



Nucleic acid molecules code for fusion proteins which contain at least one effector module, a processing module and a targeting 
module. The disclosed nucleic acid molecules preferably further contain a modulator module and/or an affinity module. Also disclosed are 
vectors containing these nucleic acid molecules, hosts transformed by the disclosed vectors, fusion proteins coded by the disclosed nucleic 
acids or produced by the disclosed hosts, and medicaments which contain the disclosed polypeptides or vectors. These medicaments are 
particularly significant for the therapy of diseases associated with a pathological reproduction and/or increased activity of cell populations. A 
temporary, abrupt and strong proliferation, infiltration and immune activity of cells of the immune system is found in auto-immune diseases 
and allergies, the specificity of these immune cells being due to their reaction to a particular antigen or allergen. These medicaments may 
also be advantageously used for treating tumours. The disclosed polypeptides and vectors can be used to develop medicaments and to test 
toxin activity-modulating factors. The invention thus also concerns corresponding processes, uses and kits. The modules, with the exception 
of the affinity and targeting modules, are preferably coded by nucleic acids extracted or derived from the mistletoe lectin proprotein coding 
sequence. 

(57) Zusammenfassung 

Die Erfindung betrifft Nukleinsauremolekiile, die Fusionsproteine codieren, die als Komponenten mindestens ein Effektormodul, ein 
Prozessierungsmodul und ein Targetingmodul enthalten. Vorzugsweise codieren die erfindungsgemaBen Nukleinsauremolekule ferner ein 
Modulatormodul und/oder ein Affinitatsmodul. Die Erfindung betrifft ferner Vektoren, die diese Nukleinsauremolekule enthalten, Wirte, 
die mit den erfindungsgemaBen Vektoren transformiert sind, Fusionsproteine, die von den erfindungsgemaBen Nukleinsauren codiert oder 
von den erfindungsgemaBen Wirten produziert werden sowie Arzneimittel, die die erfindungsgemaBen Polypeptide oder Vektoren enthalten. 
Diese Arzneimittel haben besondere Bedeutung bei solchen Erkrankungen, die auf der pathologischen Vermehrung und/oder der erhohten 
Aktivitat von Zellpopulationen beruhen. Eine vorubergehende, schubartige starke Proliferation, Infiltration und Immunaktivittt von Zellen 
des Immunsystems findet man bei Autoimmunerkrankungen und Allergien, wobei die Spezifitat dieser Immunzellen auf der Reaktion auf 
jeweils bestimmte Antigene bzw. Allergene beruht. Ferner kOnnen solche Arzneimittel auch vorteilhaft zur Tumortherapie eingesetzt 
werden. Die in dieser Erfindung beschriebenen Polypeptide und Vektoren konnen zur Entwicklung von Arzneimitteln und zur Testung von 
Toxinaktivitat modulierenden Faktoren eingesetzt werden. Somit betrifft die Erfindung ferner entsprechende Verfahren, Verwendungen und 
Kits. Vorzugsweise werden die Module mit Ausnahme des Affinitats- und des Targetingmoduls von Nukleinsauren codiert, die aus der das 
Mistellektin-Proprotein codierenden Sequenz stammen oder davon abgeleitet sind. 
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autoreaktiven T-Zellen in der Peripherie oder zum Ort der Autoimmunreaktion ge- 
langt. Bei Bindung geringer Mengen Antigen an T-Zellen findet naturlicherweise eine 
Proliferation statt. Durch die Kopplung eines Toxins an die spezifische Erkennungs- 
sequenz der neuritogenen T-Zellen kann somit eine sichere T-Zell Eliminierung ver- 
mittelt werden, ohne die Gefahr eines gegenteiligen stimulatorischen Effektes zu 
bergen. Ausloser beispielsweise der Multiplen Sklerose ist die Entstehung und Ver- 
mehrung von autoreaktiven T-Lymphozyten (Olive, 1995), die ein Abbauprodukt des 
"myelin-basic-proteins" - in der Mehrzahl der F£lle die Sequenz 'VHFFKNIVTPRTP" - 
erkennen. Dies fuhrt dazu, daft die Nervenzellen des Patienten vom korpereigenen 
Immunsystem angegriffen werden. Auch hier ist die Verwendung von krankheitsaus- 
losenden Peptiden als Targetingmodul der Schlussel zur Anwendung einer auf der 
Erfindung basierenden Therapieform. Eine weitere derartige Erkrankung ist Mya- 
sthenia Gravis, bei der es zu einer Autoimmunreaktion gegen Acetylcholinrezeptoren 
kommt. Ferner kommt eine Behandlung diverser Leukamien oder Neoplasien in Fra- 

ge. 

Somit ist in einer besonders bevorzugten Ausfuhrungsform der Erfindung die Ziel- 
zelle eine Zelle des Immunsystems. Dies kann zum einen eine Zelle des unspezifi- 
schen Immunsystems wie zum anderen eine Zelle des spezifischen Immunsystems 
sein. Im letzteren Falle. kann es sich urn B-Zellen oder T-Zellen, insbesondere Th2- 
Zellen handeln. Ferner konnen auch entartete Zellen des Immunsystems Zielzellen 
sein. Auch Zellen, insbesondere entartete Zellen des Nervensystems, beispielsweise 
Nervenzellen, konnen bei Wahl geeigneter Targeting-Module Zielzellen sein. 

In einer weiteren bevorzugten Ausfuhrungsform des erfindungsgemalien Nukleinsau- 
remolekuls ist das Affinitatsmodul eine Histidinsequenz, Thioredoxin, Strep-Tag, T7- 
Tag, FLAG-Tag, Maltose-Bindungs-Protein oder GFP (Green Fluorescent Protein). 
Das Affinitatsmodul ist hierbei eine Peptidsequenz, die sich durch eine Liganden- 
Bindungs-Spezifitat oder durch das Vorhandensein geeigneter Epitope auszeichnet, 
die eine selektive Aufreinigung vorzugsweise durch affinitatschromatographische 
Verfahren, z. B. mittels immobilisierter Liganden oder immobilisierter Antikorper er- 
moglicht. Derartige Affinitatsmodule haben stets die Eigenschaft, hochspezifisch und 
mit hohen Bindungskonstanten Liganden zu binden, die ihrerseits als Liganden an 
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(i) Nukleinsauremolekulen, die eine Nukleotidsequenz umfassen, die 
die in Fig. 11.c angegebene Aminosauresequenz oder ein Fragment 
davon codiert; 

(ii) Nukleinsauremolekulen, die die in Fig. 11.c angegebene Nukleo- 
tidsequenz oder ein Fragment davon umfassen; 

(iii) NukleinsauremolekQIen, die mit einem Nukleinsauremolekul aus (i) 
oder (ii) hybridisieren; und 

(iv) NukleinsauremolekQIen, die zu den in (iii) genannten Nukleinsaure- 
molekulen degeneriert sind. 

3. Nukleinsauremolekul nach Anspruch 1 oder 2, wobei 

(a) das Effektormodul die biologische Aktivitat der Mistellektin A-Kette besitzt 
und ein Allel oder Derivat der in Anspruch 2 definierten Mistellektin A-Kette 
durch Aminosau re-Deletion, Substitution, Insertion, Addition und/oder 
Austausche umfalit; und/oder 

(b) das Prozessierungsmodul proteolytisch spaltbar ist und ein Allel oder De- 
rivat des in Anspruch 2 definierten Mistellektin-Propeptids durch Ami- 
nosaure-Deletion, Substitution, Insertion, Addition und/oder Austausche 
umfaftt. 

4. Nukleinsauremolekul nach einem der Anspruche 1 bis 3 wobei das 
Fusionsprotein ferner die folgende Komponente aufweist: 

(d) ein Mddulatormodul, das kovalent mit dem Prozessierungsmodul, dem 
Effektormodul und/oder mit dem Targetingmodul verbunden ist, und das 
die intrazellulare toxische Wirkung des Effektormoduls moduliert. 

5. Nukleinsauremolekul nach Anspruch 4, wobei das Modulatormodul von einem 
Nukleinsauremolekul codiert wird, ausgewahlt aus der Gruppe bestehend aus: 

(i) Nukleinsauremolekulen, die eine Nukleotidsequenz umfassen, die die in 
Fig. 11.b angegebene Aminosauresequenz oder ein Fragment davon co- 
diert; 

(ii) NukleinsauremolekQIen, die die in Fig. 11.b angegebene Nukleotidse- 
quenz oder ein Fragment davon umfassen; 
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CHAPTER 1 




HISTORICAL PERSPECTIVE 
INNATE (NONSPECIFIC) IMMUNITY 
ACQUIRED (SPECIFIC) IMMUNITY 

The immune system is a remarkably adaptive defense sys- 
tem that has evolved in vertebrates to protect them from 
invading pathogenic microorganisms and cancer. It is able 
to generate an enormous variety of cells and molecules 
capable of specifically recognizing and ehminating an 
apparendy limidess variety of foreign invaders. These cells 
and molecules act together in an exquisitely adaptable 
dynamic network whose complexity rivals that of the 
nervous system. 

Functionally, an immune response can be divided into 
two interrelated activities — recognition and response. 
Immune recognition is remarkable for its specificity The 
immune system is able to recognize subde chemical 
differences that distinguish one foreign pathogen fiom 
another. At the same time, the system is able to dis- 
criminate between foreign molecules and the body s own 
cells and proteins; Once a foreign organism is recognized, 
the immune system enlists the participation of a variety 
of cells and molecules to mount an appropriate response, 



known as an effector response, to eliminate or neu- 
tralize the organism. In this way the system is able to con- 
vert the initial recognition event into different effector 
responses, each uniquely suited to eliminate a particular 
type of pathogen. Later exposure to the same foreign or- 
ganism induces a memory response, characterized by a 
heightened immune reactivity that serves to eliminate the 
pathogen and prevent disease. 

This chapter presents a broad overview of the cells 
and molecules that compose the immune system and the 
mechanisms by which they protect the body against for- 
eign invaders. As is always the case with an overview, the 
details have been simplified to reveal the essential structure 
of the immune system. Substantive discussions, experi- 
mental approaches, and in-depth definitions are left to the 
chapters that foDow. 



HISTORICAL PERSPECTIVE 



The discipline of immunology grew out of the observa- 
tion that individuals who had recovered fiom certain 
infectious diseases were thereafter protected fiom the dis- 
ease. The Latin term immuhis, meaning "exempt," is the 
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source of the English word immunity, meaning the suite 
of protection from infectious disease. 

Perhaps the earliest written reference to die phenome- 
non of immunity can be traced back to Thucydides, the 
oreat historian of the Peloponnesian War. In describing a 
plague in Athens, he wrote in 430 B.C. that only those 
who had recovered from the plague could nurse the sick 
because they would not contract the disease a second 
time. Although early societies recognized the phenome- 
non of immunity, almost two thousand years passed be- 
fore the concept was successfully converted into a med- 
ically effective practice. 

The first recorded crude attempts to deliberately in- 
duce immunity were performed by the Chinese and Turks 
in the fifteenth century. Various reports suggest that the 
dried crusts derived from smallpox pustules were either 
inhaled into the nostrils or inserted into small cuts in the 
skin (a technique called variolation). In 1718 Lady Mary 
WortJey Montagu, the wife of the British ambassador to 
Constantinople, observed the positive effects of vari- 
olation on the native population and had the technique 
applied to her own children. The technique was signifi- 
cantly improved by the English physician Edward Jenner 
in 1798. Intrigued by the fact that milkmaids who con- 
tracted cowpox (a mild disease) were subsequendy im- 
mune to smallpox (a disfiguring and often fatal disease), 
Jenner reasoned that introducing fluid from a cowpox 
pustule into people (i.e., inoculating them) might protect 
them from smallpox. To test this idea, he inoculated an 
eight-year-old boy with fluid from a cowpox pustule and 
later intentionally infected the child with smallpox. As 
predicted, the child did not develop smallpox. Neverthe- 
less, one cannot help but question the ethical implications 
of such an experiment! 

Jenner's technique of inoculating with cowpox to pro- 
tect against smallpox spread quickly throughout Europe, 
but it was nearly a hundred years before the technique 
was applied to other diseases. As so often happens in sci- 
ence, serendipity combined with astute observation led to 
the next major advance in immunology, the induction of 
immunity to cholera by Louis Pasteur. Pasteur had suc- 
ceeded in growing the organism thought to cause fowl 
cholera in culture and then had shown that chickens 
injected with the cultured bacterium developed cholera. 
After returning from a summer vacation, he injected 
some chickens with an old culture of the bacterium. The 
chickens became ill, but to Pasteurs surprise they recov- 
ered. Pasteur then grew a fresh culture of the bacterium 
with the intention of injecting it into some fresh chick- 
ens. But the story goes, he was low on chickens and 
therefore used the previously injected chickens. Again to 
his surprise, the chickens survived and were completely 
protected from the disease. Pasteur recognized that aging 
had weakened the virulence of the pathogen and that 



such an attenuated strain might be administered to pro- 
tect against the disease. He called this attenuated strain a 
vaccine (from the Latin vacca, meaning "cow") in honor 
of Jenner s work with cowpox inoculation. 

Pasteur extended these findings to other diseases, de- 
monstrating that is was possible to attenuate, or weaken, 
a pathogen and administer the attenuated strain as a vac- 
cine. In a now classical experiment at Pouilly-le-Fort in 
1881, Pasteur first vaccinated one group of sheep with 
heat-attenuated anthrax bacillus; he then challenged the 
vaccinated sheep and some unvaccinated sheep with a 
virulent culture of Bacillus anihracis. All the vaccinated 
sheep lived, whereas all unvaccinated animals died. These 
experiments marked the beginnings of the discipline of 
immunology. In 1885, Pasteur administered the first vac- 
cine to a human, a young boy who had been bitten 
repeatedly by a rabid dog (Figure 1-1). The boy, Joseph 
Meister, lived and later became a custodian at the Pasteur 
Institute. In 1940, during the Nazi occupation of Paris, 




FIGURE 1-1 

Wood engraving of Louis Pasteur watching Joseph Meister receive 
the rabies vaccine. [From Harper's Weekly 29.836, 1 885; courtesy of 
the National Library of Medicine.] 
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the Nazis asked Meister to give them the keys to Pasteur's 
crypt. Rather than surrender the keys to the Nazis, 
Meister took his own life. 

Discovery of Humoral 
and Cellular Immunity 

Although Pasteur proved that vaccination worked, he 
did not understand the mechanisms involved. The exper- 
imental work of Emil von Behring and Shibasaburo 
Kitasato in 1890 provided the first insights into the 
mechanism of immunity, earning von Behring the Nobel 
prize in medicine in 1901 (Table 1-1). Von Behring and 



Kitasato demonstrated that serum (the noncellular part 
of blood) from animals previously immunized to diph- 
theria could transfer the immune state to unimmunized 
animals. In search of the protective agent, various re- 
searchers during the next decade demonstrated that an 
active component from immune serum could neutralize 
toxins, precipitate toxins, rupture (Jyse) bacteria, and 
clump (agglutinate) bacteria. In each case, the active agent 
was named for the activity it exhibited: antitoxin, precip- 
itin, bacterolysin, and agglutinin, respectively. Initially, a 
different serum component was thought to be responsible 
for each activity, but during the 1930s a single substance, 
called an antibody, was shown to be responsible for all of 
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these activities. Because immunity was mediated by anti- 
bodies contained in body fluids (known at the time as 
humors), it was called humoral immunity. 

In 1883, even before the discovery that a serum compo- 
nent could transfer immunity, Hie Metchnikoff demon- 
strated that cells also contribute to the immune state of an 
animal. He observed that certain white blood cells, which 
he termed phagocytes, were able to ingest microorgan- 
isms and other foreign material. Noting that these phago- 
cytic cells were more active in immunized animals than 
nonimmunized animals, Metchnikoff hypothesized that 
cells, rather than serum components, were the major ef- 
fector of immunity. 

In due course, a controversy developed between those 
who held to the concept of humoral immunity and 
those who agreed with MetchnikofF s concept of cell- 
mediated immunity. The controversy eventually was 
resolved when the interrelated roles of humoral and cel- 
lular activities were demonstrated and both were shown 
to be necessary for the immune response. In the 1950s 
the lymphocyte was identified as the cell responsible for 
both cellular and humoral immunity. 

Early Theories of Immunity 

One of the greatest enigmas about the antibody molecule 
facing early immunologists was its specificity for foreign 
material, or antigen. Two major theories were proposed 
to account for this specificity: the selective theory and the 
instructional theory 

The earliest conception of the selective theory dates 
to Paul Ehrlich in 1900. In an attempt to explain the ori- 
gin of serum antibody, Ehrlich proposed that cells ex- 
pressed a variety of "side-chain" receptors that could react 
with infectious agents. Binding of an infectious agent to a 
side-chain receptor was envisioned as a complementary 
lock-and-key type of interaction. Ehrlich suggested that 
interaction between an infectious agent and a cells side- 
chain receptor would result in release of the side chain 
and would induce the cell to produce and release more 
side-chain receptors with the same specificity. Accord- 
ing to Ehrlichs theory, the side-chain specificity was 
determined prior to antigen exposure and antigen se- 
lected the appropriate side chain. 

In the 1930s and 1940s the selective theory was re- 
placed by various instructional theories in which anti- 
gen played a central role in determining the specificity of 
the antibody molecule. According to the instructional 
theories, a particular antigen would serve as a template 
around which antibody would fold. The antibody mole- 
cule would thereby assume a configuration complemen- 
tary to that of the antigen template. Such concepts, first 
postulated by Friedrich Breinl and Felix Haurowitz and 
later popularized by Linus Pauling, made sense with- 



in the limitations of scientific knowledge at that time. 
But as new information emerged about the structure of 
DNA, RNA, and protein, the instructional theories were 
disproved. 

In the 1950s, selection theories resurfaced and, 
through the insights of Niels Jerne, David Talmadge, 
and F. Macfarlane Burnet, were refined into a theory 
that came to be known as the clonal-selection theory 
According to this theory, individual lymphocytes express 
membrane receptors that are specific for distinct antigens. 
Each lymphocyte expresses a unique receptor specificity, 
which is determined prior to antigen exposure. Binding 
of antigen to a specific receptor activates the cell, resulting 
in its proliferation into a clone of cells, each with the 
same immunologic specificity as the original parent cell. 
The clonal-selection theory has been further refined and 
is now accepted as the underlying paradigm of modern 
immunology. This theory is examined in more depth 
later in the chapter. 

Components of Immunity 

Immunity — the state of protection from infectious dis- 
ease — has both nonspecific and specific components- 
Innate, or nonspecific, immunity refers to the basic resis- 
tance to disease that an individual is born with. Acquired, 
or specific, immunity requires the activity of a functional 
immune system, involving cells called lymphocytes and 
their products. Innate defense mechanisms provide the 
first line of host defense against invading pathogens until 
an acquired immune response develops. In general, most 
of the microorganisms encountered by a healthy individ- 
ual are readily cleared within a few days by nonspecific 
defense mechanisms without enlisting a specific immune 
response. When an invading microorganism eludes the 
nonspecific host defense mechanisms, a specific immune 
response then is enlisted. Acquired immunity does not 
operate independendy of innate immunity; rather, the spe- 
cific immune response supplements and augments the 
nonspecific defense mechanisms, producing a more effec- 
tive total response. 



INNATE (NONSPECIFIC) 
IMMUNITY 



Innate immunity can be envisioned as comprising four 
types of defensive barriers: anatomic, physiologic, endo- 
cytic and phagocytic, and inflammatory (Table 1-2). 

Tissue damage and infection induce leakage of vas- 
cular fluid, containing serum proteins with antibacterial 
activity, and influx of phagocytic cells into the afTected 
area. 
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Anatomic Barriers 

Physical and anatomic barriers that tend to prevent the 
entry of pathogens are an organism s first line of defense 
against infection. The skin and the surface of mucous 
membranes are included in this category because 
they provide an effective barrier to the entry of most 
microorganisms. 

The skin consists of two distinct layers: a relatively thin 
outer layer — the epidermis — and a thicker layer — the 
dermis. The epidermis contains several layers of tighdy 
packed epithelial cells. The outer epidermal layer consists 
of dead cells and is filled with a waterproofing protein 
called keratin. Old epidermal cells are sloughed from the 
surface and are replaced by new cells derived from divi- 
sion of cells lying next to the dermis; as a result, the epi- 
dermis is completely renewed every 15—30 days. The 
epidermis does not contain blood vessels, and epidermal 
cells are instead bathed in nutrients that diffuse from the 
underlying dermis. The dermis, which is composed of 
connective tissue, contains blood vessels, hair follicles, 
sebaceous glands, and sweat glands. The sebaceous glands 
are associated with the hair follicles and produce an oily 



secretion called sebum. Sebum consists of lactic and fatty 
acids, maintaining the pH of the skin between 3 and 5, 
which is inhibitory to the growth of most microorgan- 
isms. A few bacteria that metabolize sebum live as com- 
mensals on the skin and are responsible for a severe form 
of acne. One acne drug, isotretinoin (Accutane), is a vita- 
min A derivative that prevents sebum formation. 

Intact skin not only prevents the penetration of most 
pathogens but also inhibits most bacterial growth due to 
its low pH. Breaks in the skin, even small ones, resulting 
from wounds or abrasion are obvious routes of infection. 
The skin also is penetrated by biting insects (e.g., mosqui- 
toes, mites, ticks, fleas, and sandflies); if these harbor path- 
ogenic organisms, they can introduce the pathogen into 
the body as they feed. The protozoan that causes malaria, 
for example, is carried by mosquitoes who deposit it in 
humans when they take a blood meal. Similarly, bubonic 
plague is spread by the bite of fleas, and Lyme disease is 
spread by the bite of ticks. 

The conjunctivae and the alimentary, respiratory, and 
urogenital tracts are lined by mucous membranes, not 
by the dry, protective skin covering the exterior of the 
body. These membranes consist of an outer epithelial layer 



T A B t E 



SUMMARY OF NONSPECIFIC HOST DEFENSES 



TYPE 

i ; M 

Physiologic ■barriers 



Bijlam maidfy 'barriers: 



MECHANISM 



Mechanical barr^ 



/Normal fibr£ c bi^^ for attacM nutrients; 

K4ueus r-*^-- ^-^^^c^^;^ r: ■ -.v.;-,,.-- .; 



V£Wf -Bbcly temperature iinliibits growth of some pathogens, 
i^fcz, Fevei fesp^ pathogens:* - 




8 



PART I 



INTRODUCTION 



and an underlying connective tissue layer. Although most 
pathogens enter the body by binding to and penetrat- 
ing mucous membranes, a number of nonspecific defense 
mechanisms serve to prevent this entry. For example, saliva, 
tears, and mucous secretions act to wash away potential 
invaders and also contain antibacterial or antiviral sub- 
stances. The viscous fluid called mucus, which is secreted 
by epithelial cells of mucous membranes, entraps foreign 
microorganisms. In the lower respiratory tract and the gas- 
trointestinal tract, the mucous membrane is covered by 
cilia, hairlike processes projecting from the epithelial cells. 
The synchronous movement of cilia propel mucous- 
entrapped microorganisnis from these tracts. In addition, 
nonpathogenic organisms tend to colonize the epithelial 
cells of mucosal surfaces. These normal flora generally 
outcompete pathogens for attachment sites on the epithe- 
lial cell surface and for necessary nutrients. 

Some organisms have evolved ways to escape this de- 
fense mechanism and thus are likely to invade the body 
through mucous membranes. For example, influenza 
virus (the agent that causes flu) has a surface molecule 
that enables it to attach firmly to cells in mucous mem- 
branes, preventing the virus from being swept out by the 
ciliated epithelial cells. Similarly, the organism causing 
gonorrhea has surface projections that allow it to bind to 
mucous membrane epithelial cells in the urogenital tract. 
Adherence of bacteria to mucous membranes involves 
interactions between hairlike protrusions on a bacterium, 
called fimbriae or pili, and certain glycoproteins or gly- 
colipids that are only expressed by some mucous mem- 
brane epithelial cells (Figure 1-2). For this reason, some 
tissues are susceptible to bacterial invasion, whereas others 
are not. 

The importance of anatomic barriers to host defense is 
vividly illustrated by a group of mice described in a re- 
port in Nature. These mice appeared to be immune to the 
parasitic helminth (worm) that causes schistosomiasis, a 
chronic and debilitating disease affecting more than 300 
million people worldwide. After initial infection with this 
helminth, the mice developed portal hypertension similar 
to that observed in humans with schistosomiasis. How- 
ever, when mice were reinfected with the hebninth a sec- 
ond time, a very low yield of the helminth was recovered, 
and the mice appeared to be resistant to the infection. 
Because the mice had apparendy developed immunity to 
the helminth, they were considered to be a potential ani- 
mal model for the study of schistosomiasis in humans. 
After considerable funding was poured into research on 
this mouse model, the ability to clear the helminth was 
found to have nothing to do with a specific immune 
response; instead it resulted from a complex anatomic 
reorganization in blood vessel architecture that occurred 
at the time of the second injection. The Nature article 
warned "not to postulate immunological mechanisms 




FIGURE 1-2 



Electron micrograph of rod-shaped Escherichia coli bacteria adhering 
to surface of epithelial cells of the urinary tract. [From N. Sharon and 
H. Lis, 1993, Sci. Am. 268(]):85.] 

where simple anatomical or physiological explanations 
might suffice." 

Even when a pathogen eludes the anatomic defenses 
provided by the skin and mucous membranes, it still faces 
other types of innate defenses including various phy- 
siologic, phagocytic, and inflammatory barriers. Only by 
successfully evading these barriers can a pathogen be- 
come established in a host. 

Physiologic Barriers 

The physiologic barriers that contribute to innate immu- 
nity include temperature, pH, oxygen tension, and vari- 
ous soluble factors. Many species are not susceptible to 
certain diseases simply because their body temperature 
inhibits pathogen growth. Chickens, for example, display 
innate immunity to anthrax because their high body 
temperature inhibits the growth of this pathogen. Gastric 
acidity also provides an innate physiologic barrier to 
infection because very few ingested microorganisms can 
survive the low pH of the stomach. One reason new- 
borns are susceptible to some diseases that do not afflict 
adults is that their stomach contents are less acid than that 
of adults. 

A variety of soluble factors also contribute to non- 
specific immunity. Among these soluble proteins are 
lysozyme, interferon, and complement. Lysozyme, a 
hydrolytic enzyme found in mucous secretions, is able to 
cleave the peptidoglycan layer of the bacterial cell wall. 
Interferon comprises a group of proteins produced by 
virus-infected ceDs. Among the many functions of the 
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interferons is the ability to bind to nearby cells and induce 
a generalized antiviral state. Complement is a group of 
serum proteins that circulate in an inactive proenzyme 
state. These proteins can be activated by a variety of spe- 
cific and nonspecific immunologic mechanisms that con- 
vert the inactive proenzymes into active enzymes. The 
activated complement components participate in a con- 
troUed enzymatic cascade that results in damage to the 
membranes of pathogenic organisms, either destroying 
the pathogens or facilitating their clearance. 

Endocytic and Phagocytic Barriers 

Another important innate defense mechanism is the in- 
gestion of extracellular macromolecules via endocytosis 
and of particulate material via phagocytosis. These two 
internalization processes not only bring different types of 
extracellular material into the ceU, they also differ in sev- 
eral other ways. 



In endocytosis, macromolecules within the extracellu- 
lar tissue fluid are internalized by cells via the invagina- 
tion (inward folding) and pinching off of small regions of 
the plasma membrane. The resultant endocytic vesicles 
are small, approximately 0.1 /im in diameter. Endocytosis 
occurs through one of two processes: pinocytosis or 
receptor-mediated endocytosis (Figure 1 -3). In pino- 
cytosis, nonspecific membrane invagination internalizes 
macromolecules in proportion to their extracellular con- 
centration. In receptor-mediated endocytosis, macromol- 
ecules are selectively internalized after binding to specific 
membrane receptors. 

The endocytic vesicles formed by either process fuse 
with each other and are delivered to endosomes, which 
are intracellular acidic compartments that serve a sorting 
function. The acidic interior of endosomes facilitates dis- 
sociation of macromolecular ligands from their receptors; 
the latter are then recycled back to the cell surface. Free 
macromolecules contained within endosomes fuse with 



RECEPTOR-MEDICATED ENDOCYTOSIS 




FIGURE 1-3 



Endocytosis — the internalization of macromolecules within the extracellular fluid — occurs by 
pinocytosis or receptor-mediated endocytosis. In both processes, the ingested materia) is 
degraded via the endocytic processing pathway. 
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FIGURE 1-4 

Phagocytosis of bacteria. Schematic diagram of the steps in phagocy- 
tosis: (1) attachment of a bacterium (blue) to long membrane evagi- 
narions, called pseudopodia; (2) ingestion of bacterium forming a 
phagosome, which moves toward a lysosome; (3) fusion of the Jyso- 
some and phagosome, releasing lysosomal enzymes into the phago- 
some; (4) digestion of ingested material; and (5) release of digestion 
products from the cell. 



primary lysosomes to form structures known as sec- 
ondary lysosomes. Primary lysosomes are derived from 
the Golgi complex and contain large numbers of degra- 
dative enzymes, including proteases, nucleases, lipases, and 
other hydrolytic enzymes. Within secondary lysosomes, 
the ingested macromolecules are then digested into small 
breakdown products (e.g., peptides, nucleotides, and sug- 
ars), which eventually are eliminated from the cell. 

Phagocytosis involves the ingestion of particulate mate- 
rial, including whole pathogenic microorganisms (Figure 
1-4). In phagocytosis the plasma membrane expands 
around the particulate material to form large vesicles 
called phagosomes. These vesicles are roughly 10-20 
times larger than endocytic vesicles. The expansion of 
the membrane in phagocytosis requires participation of 
microfilaments, which do not take part in endocytosis. 
Another difference between the two processes is that only 
specialized cells are capable of phagocytosis, whereas vir- 
tually all cells are capable of endocytosis. The specialized 
phagocytic cells include blood monocytes, neutrophils, 
and tissue macrophages (see Chapter 3). Once particulate 
material is ingested into phagosomes, the phagosomes fuse 
with lysosomes and the ingested material is then digested 
in the endocytic processing pathway by a process similar 
to that seen in endocytosis. 



Barriers Created by the 
Inflammatory Response 

Tissue damage caused by a wound or by invasion by a 
pathogenic microorganism induces a complex sequence 
of events collectively known as the inflammatory 
response. Many of the classic features of the inflamma- 
tory response were described as early as 1600 B.C. in 
Egyptian papyrus writings. In the first century A.D., the 
Roman physician Celsus described the "four cardinal 
signs of inflammation" as rubor (redness), tumor (swelling), 
calor (heat), and dolor (pain). In the second century A.D., 
another physician, Galen, added a fifth sign: Junciio laesa 
(loss of function). 

The cardinal signs of inflammation reflect the three 
major events that occur during an iru^ammatory response 
(Figure 1*5): 

1 . Vasodilation — an increase in the diameter of blood 
vessels — occurs as the vessels that carry blood away 
from an affected area constrict, resulting in engorge- 
ment of the capillary network. The engorged capil- 
laries are responsible for tissue redness {erythema) and 
an increase in tissue temperature. 

2. An increase in capillary permeability facilitates an 
influx of fluid and cells from the engorged capillaries 
into the tissue. The fluid that accumulates (exudate) 
has a much higher protein content than fluid normally 
released from the vasculature. Accumulation of exudate 
contributes to tissue swelling (edema). 

3. Influx of phagocytes from the capillaries into the 
tissues is facilitated by the increased capillary per- 
meability. The emigration of phagocytes involves a 
complex series of events including adherence of the 
cells to the endothelial wall (margination) followed 
by their emigration between the capillary endothelial 
cells into the tissue (diapedesis or extravasation) 
and, finally, their migration through the tissue to the 
site of the inflammatory response (chemotaxis). As 
phagocytic cells accumulate at the site and begin to 
phagocytose bacteria, they release lytic enzymes, 
which can damage nearby healthy cells. The accumu- 
lation of dead cells, digested material, and fluid forms a 
substance called pus. 

The events in the inflammatory response are initiated 
by a complex series of interactions involving a variety of 
chemical mediators, whose interactions are still only par- 
tially understood. Some of these mediators are derived 
from invading microorganisms, some are released from 
damaged cells in response to tissue injury, some are gener- 
ated by several plasma enzyme systems, and some are 
products of various white blood cells participating in the 
inflammatory response. 
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FIGURE 1-5 



Major events in the inflammatory response. A bacterial infection 
causes tissue damage with release of various vasoactive and chemo- 
tactic factors. These factors induce increased blood flow to the area, 
increased capillary permeability, and an influx of white blood cells, 



including phagocytes and lymphocytes, from the blood into the tis- 
sues. The serum proteins contained in the exudate have antibacterial 
properties, and the phagocytes begin to engulf the bacteria, as illus- 
trated in Figure 1-4. 



Among the chemical mediators released in response to 
tissue damage are various serum proteins called acute- 
phase proteins. The concentrations of these proteins 
increase dramatically in tissue-damaging infections. 
C-reactive protein — a major acute-phase protein pro- 
duced by the liver in response to tissue damage — binds to 
the C-polysaccharide cell- wall component found on a 
variety of bacteria and fungi. This binding activates the 
complement system, resulting in increased clearance of 
the pathogen either by complement-mediated lysis of 
the pathogen or by complement-mediated increase in 
phagocytosis. 

One of the principal mediators of the inflammatory 
response is histamine, a chemical released by a variety of 
cells in response to tissue injury. Histamine binds to re- 
ceptors on nearby capillaries and venules, causing vaso- 
dilation and increased permeability. Another important 
group of iriflarnmatory mediators, small peptides called 
kinins, are present in an inactive form in blood plasma. 
Tissue injury induces activation of these peptides, which 
then cause vasodilation and increased capillary permeabil- 



ity A particular kinin, called bradykinin, also stimulates 
pain receptors in the skin. This effect probably serves a 
protective role because pain normally causes an individual 
to protect the injured area. 

Vasodilation and the increase in capillary permeability 
that occur in an injured tissue also enable enzymes of the 
blood-clotting system to enter the tissue. These enzymes 
activate an enzyme cascade that results in the deposition 
of insoluble strands of fibrin, which are the main com- 
ponent of a blood clot. The fibrin clots wall off the in- 
jured area from the rest of the body and serve to prevent 
the spread of infection. 

Once the inflammatory response has subsided and 
most of the debris has been cleared away by phagocytic 
cells, tissue repair and regeneration of new tissue occur. 
Tissue repair begins as capillaries grow into the fibrin of 
a blood clot. New connective tissue cells, called fibro- 
blasts, replace the fibrin as the clot dissolves. As fibroblasts 
and capillaries accumulate, scar tissue is formed. The in- 
flammatory response is discussed in more detail in Chap- 
ter 15. 
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ACQUIRED (SPECIFIC) 
IMMUNITY 



Acquired, or specific, irrtmunity reflects the presence of a 
functional immune system that is capable of specifically 
recognizing and selectively eliminating foreign microor- 
ganisms and molecules (i.e., foreign antigens). Unlike in- 
nate immune responses, acquired immune responses are 
adaptive and display four characteristic attributes: 

• Antigenic specificity 

• Diversity 

* Immunologic memory 

* Self/nonself recognition 

The antigenic specificity of the immune system 
permits it to distinguish subde differences among anti- 
gens. Antibodies can differentiate between two molecules 
that differ by only a single amino acid. The immune sys- 
tem is capable of generating tremendous diversity in its 
recognition molecules, allowing it to specifically recog- 
nize billions of uniquely different structures on foreign 
antigens. Once the immune system has recognized and 
responded to an antigen, it exhibits immunologic 
memory; that is, a second encounter with the same anti- 
gen induces a heightened state of immune reactivity. 
Because of this attribute, the immune system can confer 
life-long immunity to many infectious agents. Finally, the 
immune system normally responds only to foreign anti- 
gens indicating that it is capable of self/nonself recog- 
nition. The ability of the immune system to distinguish 
self from nonself and respond only to nonself-molecules is 
essential, for die outcome of an inappropriate response to 
self^molecules can be a fatal autoimmune disease. 

As noted already, acquired immunity does not occur 
independendy of innate immunity. The phagocytic cells 
crucial to nonspecific immune responses are intimately 
involved in activation of the specific immune response. 
Conversely, various soluble factors, produced during a 
specific immune response, have been shown to augment 
the activity of these phagocytic cells. As an inflammatory 
response develops, for example, soluble mediators are pro- 
duced that attract cells of the immune system. The im- 
mune response will, in turn, serve to regulate the intensity 
of the inflammatory response. Through the carefully reg- 
ulated interplay of acquired and innate immunity, the two 
systems work together to eliminate a foreign invader. 

Cells of the Immune System 

Generation of an effective immune response involves 
two major groups of cells: lymphocytes and antigen- 



presenting cells. Lymphocytes are one of many types of 
white blood cells produced in the bone marrow during 
the process of hematopoiesis (see Chapter 3). Lympho- 
cytes leave the bone marrow, circulate in the blood and 
lymph system, and reside in various lymphoid organs. 
Lymphocytes, which possess antigen-binding cell-surface 
receptors, mediate the defining immunologic attributes 
of specificity, diversity, memory, and self/nonself recog- 
nition. The two major populations of lymphocytes — 
B lymphocytes (B cells) and T lymphocytes (T 
cells) — are described briefly here and in greater detail in 
later chapters. 

B Lymphocytes 

B lymphocytes mature within the bone marrow and 
leave the marrow expressing a unique antigen-binding 
receptor on their membrane (Figure l-6a).The B-cell 
receptor is a membrane-bound antibody molecule. 
Antibodies are glycoproteins. The basic structure of the 
antibody molecule consists of two identical heavy poly- 
peptide chains and two identical light polypeptide chains. 
The chains are held together by disulfide bonds. The 
amino-terminal ends of each pair of heavy and light 
chains form a cleft within which antigen binds. When a 
naive B cell, which has not previously encountered anti- 
gen, first encounters the antigen for which its membrane- 
bound antibody is specific, the cell begins to divide 
rapidly; its progeny differentiate into memory B cells 
and effector B cells called plasma cells. 

Memory B cells have a longer fife span and continue 
to express membrane-bound antibody with the same 
specificity as the original parent naive B cell. Plasma cells 
do not express membrane-bound antibody; instead they 
produce the antibody in a form that can be secreted. 
Although plasma cells live for only a few days, they 
secrete enormous amounts of antibody during this time. 
It has been estimated that a single plasma cell can secrete 
more than 2000 molecules of antibody per second. 
Secreted antibodies are the major effector molecule of 
humoral immunity. 

T Lymphocytes 

T lymphocytes also arise from hematopoietic stem cells in 
the bone marrow. Unlike B cells, which mature within 
the bone marrow, T cells migrate to the thymus gland to 
mature. During its maturation within the thymus, the T 
cell comes to express a unique antigen-binding receptor 
on its membrane, called the T-cell receptor. Unlike 
membrane-bound antibodies on B cells, which can recog- 
nize antigen alone, T-cell receptors can only recognize 
antigen that is associated with cell-membrane proteins 
known as major histocompatibility complex (MHC) 
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Distinctive membrane molecules on lymphocytes, (a) B cells have 
about 10 5 molecules of membrane-bound antibody per cell. All the 
antibody molecules on a given B cell exhibit the same antigenic 
specificity and can interact directly with antigen, (b) T cells bearing 
CD4 only recognize antigen associated with class II MHC molecules. 



(c) T cells bearing CD8 only recognize antigen associated with class I 
MHC molecules. In general, CD4 + T cells function as helper cells 
and CD8 + cells function as cytotoxic cells. Both types of T cells 
express about 10 s identical molecules of the antigen- binding T-cell 
receptor (TCR) per cell, each with the same antigenic specificity. 



molecules. When a naive T cell encounters antigen asso- 
ciated with an MHC molecule on a cell, the T cell prolif- 
erates and differentiates into memory T ceDs and various 
effector T cells. 

There are two well-defined subpopulations of T cells: 
T helper (T H ) and T cytotoxic (T c ) cells. Although 
a third type of T cell, called a T suppressor (T s ) cell, 
has been postulated, recent evidence suggests that it 
may not be distinct from the T H and Tc subpopulations. 
T helper and T cytotoxic cells can be distinguished from 
one another by the presence of either membrane glyco- 
proteins CD4 or CD8 on their surfaces (Figure l-6b,c). T 
cells displaying CD4 generally function as T H cells, where- 
as those displaying CDS generally function as Tc cells (see 
Chapter 3). 

After a Th cell recognizes and interacts with an 
antigen— MHC II molecule complex, the cell is activated 
and becomes an effector ceD that secretes various growth 
factors known collectively as cytokines. The secreted 
cytokines play an important role in activating B cells, Tc 
cells, macrophages, and various other cells that participate 
in the immune response. Differences in the pattern of 
cytokines produced by activated T H cells results in quali- 
tative differences in the type of immune response that 
develops. 

Under the influence of T H -derived cytokines, a Tc 
cell diat recognizes an antigen— MHC I molecule com- 
plex proliferates and differentiates into an effector cell 
called a cytotoxic T lymphocyte (CTL). In contrast to 
the T H cell, the CTL generally does not secrete many 
cytokines and instead exhibits cytotoxic activity The 
CTL has a vital function in monitoring the cells of the 
body and eliminating any that display antigen, such as 
virus-infected cells, rumor cells, and cells of a foreign tis- 



sue graft. Such cells displaying foreign antigen complexed 
to an MHC molecule are called altered self-cells. 

Antigen-Presenting Cells 

Activation of both the humoral and cell-mediated 
branches of the immune system requires cytokines pro- 
duced by Th cells. It is essential that activation of Th cells 
be carefully regulated because an inappropriate Tn-cell 
response to self-components can have fatal autoimmune 
consequences. To ensure carefully regulated activation of 
Th cells, they only can recognize antigen that is displayed 
together with class MHC II molecules on the surface of 
antigen-presenting cells (APCs). These specialized cells, 
which include macrophages, B lymphocytes, and den- 
dritic cells, are distinguished by two properties: (1) they 
express class II MHC molecules on their membrane, and 
(2) they are able to deliver a co-stimulatory signal that is 
necessary fbrTn-ceU activation. 

Antigen-presenting cells first internalize antigen, either 
by phagocytosis or by endocytosis, and then re-express a 
part of that antigen, together with a class II MHC mole- 
cule, on their membrane. The Th cell recognizes and in- 
teracts with the antigen— MHC molecule complex on the 
membrane of the antigen-presenting cell (Figure 1-7). 
An additional co-stimulatory signal is then provided by 
the antigen-presenting cell, leading to activation of the 
T H cell. 

Functions of Humoral and Cell- 
Mediated Immune Responses 

As mentioned earlier, immune responses can be divided 
into humoral and cell-mediated responses. The term 
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FIGURE 1-7 



Election micrograph of an antigen-presenting 
macrophage {right) associating with a T lym- 
phocyte. (From A. S. Rosenthal et a]., 1982, in 
Phagocytosis — Past and Future, Academic Press, 
p. 239 J 



humoral is derived from the Latin h u mor, meaning * 'body 
fluid"; thus humoral immunity refers to immunity that 
can be conferred on a nonimmune individual by admin- 
istration of serum antibodies from an immune individ- 
ual. In contrast, cell-mediated immunity can be trans- 
ferred only by administration of T cells from an immune 
individual. 

The humoral branch of the immune system involves 
interaction of B cells with antigen and their subsequent 
proliferation and differentiation into antibody-secreting 
plasma cells (Figure 1-8). Antibody functions as the ef- 
fector of the humoral response by binding to antigen and 
neutralizing it or facilitating its elimination. When an 
antigen is coated with antibody, it can be eliminated 
in several ways. For example, antibody can cross-link 
the antigen, forming clusters that are more readily in- 
gested by phagocytic cells. Binding of antibody to anti- 
gen on a microorganism also can activate the comple- 
ment system, resulting in lysis of the foreign organism. 
Antibody can also neutralize toxins or viral particles by 
coating them and preventing their subsequent binding to 
host cells. 

Effector T cells generated in response to antigen are 
responsible for cell-mediated immunity (see Figure 1-8). 
Both activated T H cells and CTLs serve as effector cells in 
cell-mediated immune reactions. Cytokines secreted by 
T H cells can activate various phagocytic cells, enabling 
them to phagocytose and kill microorganisms more ef- 
fectively. This type of cell-mediated immune response is 
especially important in host defense against intracellular 



bacteria and protozoa. Cytotoxic T lymphocytes (CTLs) 
participate in cell-mediated immune reactions by killing 
altered self-cells; they play an important role in the killing 
of virus-infected cells and tumor cells. 

Recognition of Antigen 
by B and T Lymphocytes 

Antigens, which are generally very large and complex, are 
not recognized in their entirety by lymphocytes. Instead, 
both B and T lymphocytes recognize discrete sites on 
the antigen called antigenic determinants, or epitopes. 
Epitopes are the immunologically active regions on a 
complex antigen, the regions that actually bind to B-cell 
or T-cell receptors. 

Although B cells can recognize an epitope alone, T 
cells can recognize an epitope only when it is associated 
with an MHC molecule on the surface of a self-cell 
(either an antigen-presenting cell or altered self- cell). 
The two branches of the immune system are therefore 
uniquely suited to recognize antigen in different milieus. 
The humoral branch (B cells) recognizes an enormous 
variety of epitopes: those displayed on the surface of bacte- 
ria or viral particles, as well as those displayed on soluble 
proteins, glycoproteins, polysaccharides, or lipopolysac- 
charides that have been released from invading patho- 
gens. The cell-mediated branch (T cells) recognizes pro- 
tein epitopes displayed together with MHC molecules on 
self-cells, including altered self^cells such as virus-infected 
self-cells and cancerous cells. 
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Thus, four related but distinct cell-membrane mole- 
cules are responsible for antigen recognition by the im- 
mune system: 

• Membrane-bound antibodies on B cells 

• T-cell receptors 

• Class I MHC molecules present on all nucleated 
cells 

• Class II MHC molecules present on antigen- 
presenting cells. 

Each of these molecules plays a unique role in antigen 
recognition, ensuring that the immune system can recog- 
nize and respond to the different types of antigen that 
it encounters. 

Generation of Lymphocyte 
Specificity and Diversity 

The antigenic specificity of each B cell is determined 
by the membrane-bound antigen-binding receptor (i.e., 
antibody) expressed by the cell. The antibody on a B cell 
can recognize different epitopes on macromolecules with 
incredible precision. For example, protein antigens that 
differ by only a single amino acid often can be discrimi- 
nated from each other. As a B ceU matures in the bone 
marrow, its specificity is generated by random rearrange- 
ments of a series of gene segments encoding the antibody 
molecule (see Chapter 7). As a result of this process, each 
mature B cefl possesses a single functional gene encoding 
the antibody heavy chain and a single functional gene 
encoding the antibody light chain; the cell therefore syn- 
thesizes and displays antibody with one specificity on its 
membrane. All 10 5 antibody molecules on a given B lym- 
phocyte have identical specificity, giving each B lympho- 
cyte, and the clone of daughter cells to which it gives rise, 
a distinct specificity for antigen. The mature B lympho- 
cyte is therefore said to be antigenic ally committed. 

Trie fine specificity of the antibody molecule is cou- 
pled to an enormous diversity. The random gene rear- 
rangements that occur during B-cell maturation in the 
bone marrow generate an enormous number of different 
antigenic specificities. The resulting B-cell population, 
which consists of individual B cells each exhibiting anti- 
body with a distinct specificity, is estimated to collectively 
exhibit more than 10 8 different antigenic specificities- 
This enormous diversity in the antigenic specificity of 
the mature B-cell population is later reduced by a selec- 
tion process in the bone marrow that eliminates any B 
cells whose membrane-bound antibody recognizes self- 
components. This process helps to ensure that self- 
reactive antibodies (auto-antibodies) are not produced. 

The attributes of specificity and diversity also charac- 
terize the antigen-binding T-cell receptor (TCR) on T 



cells. As in B-cell maturation, the process of T-cell matu- 
ration involves random rearrangements of a series of gene 
segments encoding the ceDs antigen-binding receptor 
(see Chapter 11). Each T lymphocyte expresses about 
10 5 receptors per cell, and all 10 5 receptors on a cell and 
its clonal progeny have identical specificity for antigen. 
The random rearrangement of the TCR genes is capa- 
ble of generating on the order of 10 15 unique antigenic 
specificities. This enormous potential diversity is later 
diminished through a selection process in the thymus 
that eliminates any T cell with self^reactive receptors and 
ensures that only T cells with receptors capable of recog- 
nizing antigen associated with MHC molecules will be 
able to mature (see Chapter 1 2). 

Role of the Major 
Histocompatibility Complex 

The major histocompatibility complex (MHC) is a large 
genetic complex with multiple loci. The MHC loci en- 
code two major classes of membrane molecules: class I 
and class II MHC molecules. As noted previously, Th 
cells generally recognize antigen associated with a class II 
molecule, whereas Tc cells generally recognize antigen 
associated with class 1 molecules (Figure 1-9). 

Class 1 MHC molecules are glycoproteins found on 
the membrane of nearly all nucleated cells, always in asso- 
ciation with a small protein called ^-microglobulin. 
There are three class I loci in humans (A, B, and C) and 
two in mice (/Cand D). Class II MHC molecules are het- 
erodimeric glycoproteins, consisting of an a and p chain, 
expressed by the various specialized cells that function as 
antigen-presenting cells. There are three class II loci in 
humans (£>R, DP, and DQ) and two in mice (1A and IE). 
Each class II locus encompasses an a gene and a p gene, 
which respectively encode the a and p chains of the class 
II MHC molecule. Both class I and class II MHC genes 
are highly polymorphic; that is, within a species each 
gene exists in many different forms, called alleles. Be- 
cause an individual inherits one allele from each parent 
for each locus, multiple class I MHC molecules are ex- 
pressed on each nucleated cell in the body; in addition, 
multiple class II molecules are expressed on antigen- 
presenting cells. 

MHC molecules also function as antigen- recognition 
molecules, but they do not possess the fine specificity for 
antigen characteristic of antibodies and T-cell receptors. 
Rather, individual MHC molecules bind to a spectrum of 
antigenic peptides derived from degradation of antigen 
molecules. In both class I and class II MHC molecules 
the distal regions (farthest from the membrane) of differ- 
ent alleles display wide variation in their amino acid se- 
quences. These distal regions form a cleft within which 
the antigenic peptide sits and is presented to T lympho- 
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FIGURE 1-9 



Role of MHC molecules in antigen recognition by T cells. Class I 
MHC molecules are encoded by the K and O loci in mice {A y B, and 
C loci in humans) and are expressed on nearly all nucleated cells. 
Class IJ MHC molecules are encoded by the IA and ZEloci in mice 
(DP, £>Q, and DR loci in humans) and are expressed only on antigen- 



presenting cells. CD4^ T cells only recognize antigenic peptides dis- 
played with a cizss II MHC molecule; they generally function as T 
helper (Th) cells. CD8 + T cells only recognize antigenic peptides dis- 
played with a class I MHC molecule; they generally function as T 
cytotoxic (Tc) cells. 



cytes (see Figure 1-9). Different allelic fonns of the genes 
encoding class I and class II molecules confer different 
structures on the antigen-binding cleft with different spe- 
cificity. Thus the ability to present an antigen to T lym- 
phocytes is influenced by the particular set of alleles that 
an individual inherits. 

Processing and 
Presentation of Antigens 

In order for a foreign protein antigen to be recognized 
by a T cell it must be degraded into small antigenic pep- 
tides that form physical complexes with class I or class 
II MHC molecules. This conversion of proteins into 
MHC-associated peptide fragments is called antigen pro- 
cessing and presentation. Whether a particular antigen 
will be processed and presented together with class I 
MHC or class II MHC molecules appears to be deter- 
mined by the route that the antigen takes to enter a ceD 
(Figure 1-10). 

Exogenous antigen is produced outside of the host 
cell and enters the cell by endocytosis or phagocytosis. 
Antigen-presenting cells (macrophages, dendritic cells, 
and B cells) degrade ingested exogenous antigen into 
peptide fragments within the endocytic processing path- 
way. Experiments suggest that class II MHC molecules 
are expressed within the endocytic processing pathway 
and that peptides produced by degradation of antigen in 
this pathway bind to the cleft within the class II MHC 
molecules. The MHC molecules bearing the peptide 



then are exported to the cell surface. Since expression of 
class II MHC molecules is limited to antigen-presenting 
cells, presentation of exogenous pep tide—class II MHC 
complexes is limited to these cells. T cells displaying CD4 
recognize antigen associated with class II MHC mole- 
cules and thus are said to be class II MHC restricted. 
These cells generally function as T helper cells. 

Endogenous antigen is produced within the host 
cell itself. Two common examples are viral proteins syn- 
thesized within virus-infected host cells and unique pro- 
teins synthesized by cancerous cells. Endogenous antigens 
are thought to be degraded into peptide fragments that 
bind to class I MHC molecules within the endoplasmic 
reticulum. The peptide—class I MHC complex is then 
transported to the cell membrane. Since all nucleated cells 
express class I MHC molecules, all cells producing endo- 
genous antigen use this route to process the antigen. T 
cells displaying CD8 recognize antigen associated with 
class I MHC molecules and thus are said to be class I 
MHC restricted. These cells generally function as T cyto- 
toxic cells. 

Clonal Selection of Lymphocytes 

A mature immunocompetent animal contains a large 
number of antigen-reactive clones of T and B lympho- 
cytes; the antigenic specificity of each of these clones is 
determined by the specificity of die antigen-binding 
receptor on the membrane of the clone s lymphocytes. As 
noted earlier, the specificity of each T and B lymphocyte 
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Processing and presentation of exogenous and endogenous antigens, 
(a) Exogenous antigen is ingested by endocytosis or phagocytosis and 
then enters the endocytic processing pathway. Here, within an acidic 
environment, the antigen is degraded into small peptides, which then 
are presented with class II MHC molecules on the membrane of the 



antigen- presenting cell, (b) Endogenous antigen, which is produced 
within the cell itself (e.g., in a virus- infected cell), is degraded within 
the cytoplasm into peptides, which move into the endoplasmic reticu- 
lum where they bind to class I MHC molecules. The peptide— class I 
MHC complexes then move via the Golgi complex to the cell surface. 



is determined prior to its contact with antigen by random 
gene rearrangements in the bone marrow or thymus dur- 
ing maturation of lymphocytes. 

The role of antigen becomes critical when it interacts 
with and activates mature, and genically committed T and 
B lymphocytes, bringing about expansion of the popu- 
lation of cells with a given antigenic specificity. In this 
process of clonal selection, an antigen binds to and 
stimulates a particular T or B cell to undergo mitosis and 
develop into a clone of cells with the same antigenic 
specificity as the original parent cell (Figure 1-1 1). 

Clonal selection provides a framework for understand- 
ing the specificity and self/nonself recognition character- 
istic of acquired immunity. Specificity is shown because 
only lymphocytes whose receptors are specific for a given 
epitope on an antigen will be clonally expanded and 
thus mobilized for an immune response. Self/nonself 
discrimination is accomplished by the clonal elimina- 
tion, during development, of lymphocytes bearing self- 
reactive receptors or by the functional suppression of 
these cells in adults. 

Immunologic memory also is a consequence of clonal 
selection. During clonal selection the number of lym- 
phocytes specific for a given antigen is greatly amplified. 
Moreover, m3ny of these lymphocytes, referred to as 



memory cells, appear to have a longer life span than the 
naive lymphocytes from which they arise. The initial en- 
counter of a naive immunocompetent lymphocyte with 
an antigen induces a primary response; a second contact 
with antigen will induce a more rapid and heightened 
secondary response. The amplified population of mem- 
ory cells accounts for the more rapid and intense response 
that characterizes a secondary response and distinguishes it 
from the initial primary response. 

In the humoral branch of the immune system, antigen 
induces the clonal proliferation of B lymphocytes into 
antibody-secreting plasma cells and memory B cells. As 
seen in Figure 1-1 2a, the initial primary response has a lag 
of approximately 5-7 days before antibody levels start to 
rise. This lag is the time required for activation of naive B 
cells by antigen and Th cells and for the subsequent pro- 
liferation and differentiation of the activated B cells into 
antibody-secreting plasma cells. Antibody levels peak in 
the primary response at about day 14 and then begin to 
drop off as the plasma cells begin to die. In the secondary 
response the lag is much shorter (only 1—2 days) and anti- 
body levels are much higher and are sustained for a much 
longer time. The secondary response reflects the response 
of the clonally expanded population of memory B cells. 
These memory cells respond to the antigen more rapidly 
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than the naive B cells; in addition, because there are many 
more memory cells than naive B cells, larger numbers of 
plasma cells are generated during the secondary response 
and antibody levels are consequently 100- fold to 1000- 
fold higher. 

In the cell-mediated branch, the recognition of an 
andgen-MHC complex by a specific mature T lympho- 
cyte induces clonal proliferation into various T cells 
with effector functions (e.g.,T H cells and CTJLs) and into 
memory T cells. The cell-mediated response to a skin 
graft is depicted in Figure 1-1 2b. When skin from a strain 



C mouse as grafted onto a strain A mouse, a primary 
response develops and the graft is rejected in about 10-14 
days. If strain C is grafted a second time onto the same 
mouse, it is rejected much more vigorously and rapidly 
than the first graft. If a primary graft from a strain B 
mouse is grafted onto a strain A mouse together with 
the graft from strain C, the response to strain B is a typi- 
cal primary response. That is, the graft rejection is a spe- 
cific immune response. The mouse shows a secondary 
response to graft C, it gives a primiry response to graft B. 
The increased speed of rejection of graft C reflects the 
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FIGURE 1-11 



Maturation and dona] selection of B lymphocytes. Maturation, which 
occurs in the absence of antigen, produces amigenically committed B 
cells, each of which expresses antibody with a single antigenic speci- 
ficity (indicated by 1, 2, 3 r and 4). Clonal selection occurs when a 
given antigen binds to a B cell whose membrane-bound antibody 
molecules are specific for epitopes on that antigen. Clonal expansion 
°* an antigen-activated B cell (number 2 in this example) leads to a 



clone of memory B cells and effector B cells, called plasma cells; aD 
cells in the expanded clone are specific for the original antigen. The 
plasma cells secrete antibody reactive with the activating antigen- 
Similar processes occur in the T-Iymphocyte population resulting in 
clones of memory T cells and effector T cells; the latter include acti- 
vated T H cells, which secrete cytokines, and cytotoxic T lymphocytes 
(CTLs). 
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FIGURE 1-12 



Differences in the primary and secondary response to injected anti- 
gen (humoral response) and to a skin graft (cell-mediated response) 
reflect the phenomenon of immunologic memory, (a) When an ani- 
mal is injected with an antigen, it produces a primary serum antibody 
response of low magnitude and relatively short duration, peaking at 
about 10—17 days. A second immunization with the same antigen 
results in a secondary response that is greater in magnitude, peaks in 
less time (2—7 days), and lasts longer (months to years) than the pri- 
mary response, (b) When skin from a strain C mouse is grafted onto a 
strain A mouse, the graft is rejected in about 1 0—14 days. If a second 
strain C graft is grafted onto the same mouse, it is rejected much 
more vigorously and rapidly than the first graft. 



presence of a clonaUy expanded population of memory 
Th and Tc cells to the antigens of the foreign graft. This 
expanded memory population will generate increased 
numbers of effector cells, resulting in faster graft rejection. 

Cellular Interactions Required 

for Generation of Immune Responses 

Both the humoral and the cell-mediated branches of the 
immune system require interaction among several dif- 
ferent types of cells to induce a specific immunologic 



response. These cells include various antigen-presenting 
cells,TH cells, and either B cells for induction of humoral 
immunity or Tc cells for induction of cell-mediated 
immunity. 

Activation and Proliferation 
of T Helper Cells 

The generation of both humoral and cell-mediated 
immune responses depends on the activation of Th cells. 
This process begins when antigen-binding receptors on 
Th cells interact with antigenic peptide— class II MHC 
complexes on antigen-presenting cells (Figure 1-13). This 
interaction generates a signal that, together with a neces- 
sary co-stimulatory signal, leads to activation and pro- 
liferation of the Th cells (Figure 1-1 4a). The clonally 
expanded population of antigen-specific T H cells can now 
play a role in the activation of the B and T lymphocytes 
that generate the humoral and cell-mediated responses, 
respectively 




FIGURE 1-13 



Scanning electron micrograph reveals numerous T lymphocytes inter- 
acting with a single macrophage. The macrophage presents processed 
antigen associated with class II MHC molecules to theT cells. [From 
William E. Paul (ed.), 1991, Immunology: Recognition and Response, 
W H. Freeman and Company, New York; courtesy of Morten 
H. Nielsen and OleWerdelin ] 
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FIGURE 1-14 



Cellular interactions involved in induction of immune responses. Activation and proliferation of T H 
cells (a) is required for generation of a humoral response (b) and a cell-mediated response to altered 
self^cells (c). APC = antigen- presenting cell; Ag = antigen. See text for discussion. 



Generation of the Humoral Response 

Mature antigen-committed B lymphocytes are seeded 
out from the bone marrow to circulate in the blood or 
lymph or to reside in various lymphoid organs. Inter- 
action of the mature B cell with antigen triggers its 
activation and further proliferation and differentiation. 
This process begins when antigen cross-links membrane- 
bound antibody molecules on a B cell. Some of the 
bound antigen is internalized by receptor-mediated 
endocytosis. After processing the antigen, the B cell pre- 
sents the resulting antigenic peptides together with a class 
ll MHC molecule on its membrane. A Th cell specific 



for the presented antigen-MHC complex then binds to 
the complex; as a result of this interaction, the T H cell 
secretes a number of cytokines that stimulate various 
stages of B-cell division and differentiation. The activated 
B cell undergoes a series of cell divisions over approxi- 
mately a 5-day period differentiating into a population of 
both antibody-secreting plasma cells and memory cells 
(Figure 1-1 4b). 

Generation of the Cell-Mediated Response 

The cell-mediated response is generated by various sub- 
populations of T lymphocytes. As in the case of the 
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humoral response, a clonally expanded population of 
antigen-specific activated Th cells is required. Cytokines 
secreted by these T H cells help to activate various T effec- 
tor cells responsible for cell-mediated responses. For ex- 
ample, after a Tc cell binds to processed antigen asso- 
ciated with class I MHC molecules on the membrane of 
an altered self-cell, 1L-2 secreted by T H cells stimulates 
proliferation and differentiation of the Tc cell. This pro- 
cess generates cytotoxic T lymphocytes (CTLs), which 
mediate membrane damage to the altered self-cell leading 
to cell lysis, as well as populations of memory T H and Tc 
cells (Figure 1-1 4c). 

The cytokines secreted by activated Th cells also reg- 
ulate the proliferation and differentiation of a number of 
nonspecific effector cells that play various roles in cell- 
mediated immune responses. These nonspecific effector 
cells do not possess the immunologic attributes of speci- 
ficity and memory; instead, their activity is regulated by 
cytokines secreted by antigen-specific Th cells. Among 
the nonspecific effector cells involved in cell-mediated 
immunity are natural killer (NK) cells and activated 
macrophages. These are described in Chapter 3, and 
their role in cell-mediated immunity is covered in Chap- 
ter 1 6. 



SUMMAR Y 



1. Immunity is the state of protection against foreign 
organisms or substances (antigens). Innate (nonspecific) 
immune responses include anatomic, physiologic, en- 
docytic and phagocytic, and inflammatory barriers that 
help prevent the entrance and establishment of in- 
fectious agents (see Figures 1-3, 1-4, 1-5). When these 
nonspecific mechanisms fail to effectively combat an 
invading pathogen, the body mounts an acquired (spe- 
cific) immune response. 

2. Acquired immune responses exhibit four immuno- 
logic attributes: specificity, diversity, memory, and self/ 
nonself recognition. Functionally an immune response 
involves two interrelated events: recognition of antigen 
and response to that antigen (i.e., generation of effec- 
tor cells and molecules). Antigen-presenting ceDs, B 
lymphocytes, and T lymphocytes are the primary cells 
involved in generation of immune responses. 

3. Both B and T lymphocytes possess antigen-binding 
receptors in their membrane. The receptors on B cells 
are antibody molecules, which can recognize and 
interact directly with antigen. T-cell receptors, in con- 
trast, only recognize antigen that is associated with 
either class 1 or class II MHC molecules on the surface 
of cells. During maturation of B and T lymphocytes, 
each ceD comes to express receptors that recognize a 
single antigenic determinant (epitope). 



4. The two major subpopulations of T lymphocytes are 
T helper (T H ) cells and T cytotoxic (Tc) ceUs. In gen- 
eral, T H celh express CD4, a membrane glycoprotein, 
and recognize antigen associated with class II MHC 
cells, whereas Tc cells express CD8 and recognize 
antigen associated with class I MHC cells (see Figure 
1-9). 

5. Exogenous (extracellular) antigens are internalized and 
degraded by antigen-presenting cells (macrophages, B 
cells, and dendritic cells); the resulting antigenic pep- 
tides complexed with class II MHC molecules then are 
displayed on the cell surface. Endogenous (intracellular) 
antigens (e.g., viral and tumor proteins produced in 
altered self-cells) are degraded in the cytoplasm and 
then displayed with class I MHC molecules on the cell 
surface. (See Figure 1-10.) 

6. Interaction of a mature, immunocompetent lympho- 
cyte with the antigen it recognizes stimulates the cell 
to proliferate and differentiate into effector cells and 
memory cells (see Figure 1-11). Such initial exposure 
to a particular antigen induces a primary response; 
the expanded population of memory cells permits a 
more rapid and intense secondary response following 
subsequent exposure to the same antigen (see Figure 
1-12). 

7. The immune system produces both humoral and cell- 
mediated responses. The humoral response is best- 
suited for elimination of exogenous antigens; the 
cell-mediated response, for elimination of endogenous 
antigens. The effector cells of the humoral response are 
plasma cells, which secrete soluble antibody. The effec- 
tor cells of the cell-mediated response are activated 
T H cells, which secrete various cytokines, and cyto- 
toxic T lymphocytes (CTLs), which arise from Tc 
cells and can destroy altered self-cells. Th-ccII activa- 
tion is required for both types of response. (See Figures 
1-8 and 1-14.) 
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STUDY QUESTIONS 

1. Indicate to which branch (es) of the immune system 
the following statements apply using H for the humoral 
branch and CM for the cell-mediated branch. Some 
statements may apply to both branches. 

Involves class I MHC molecules 

Responds to viral infection 

Involves T helper cells 

Involves processed antigen 

Most likely responds following an organ 

transplant 

Involves T cytotoxic cells 

Involves B cells 

Involves CD8+ T cells 

-i- Responds to extracellular bacterial infection 

j- Involves secreted antibody 

k. Kills virus-infected self cells 

2. Specific immunity exhibits four characteristic attri- 
butes, which are mediated by lymphocytes. List these 
four attributes and briefly explain how they arise. 

3. Name three features of a secondary immune response 
that distinguish it from a primary immune response. 

4. Compare and contrast the four types of antigen- 
binding molecules utilized by the immune system — 
antibodies, T-cell receptors, class I MHC molecules, 
and class II MHC molecules — in terms of the following 
characteristics: 

a. Specificity for antigen 

b. Cellular expression 

c. Types of antigen recognized 

5. Cells can internalize material by endocytosis and 
phagocytosis. Name four properties that distinguish these 
two processes. 

6. Fill in the blanks in the following statements with the 
most appropriate terms: 



, and 



b. 



antigen-presenting cells. 
Antigen-presenting ceUs deliver a 
cells. 



all function as 



signal to 



c Only antigen-presenting cells express class 



d. 



e. 



antigens are internalized I 

presenting cells, degraded in the 

displayed with class MHC 

on the cell surface. 

antigens are produced in ; 

cells, degraded in the , ar 



with class 



MHC moleo 



cell surface. 

1. Briefly describe the three major events in 
matory response. 

8. The CD8+ T ceD is said to be class I restri 
does this mean? 

9. Match each term related to innate imm 
with die most appropriate description li; 
(1-19). Each description may be used once, 
once, or not at all. 



Terms: 

a. 

b. „ 

c. 

d. 



f 

g- 
h- . 
i. 

j- - 
k- . 
L 

m. 

n. 
o. 

P- - 



Fimbriae or pili 

Exudate 

Sebum 

Margination 

Dermis 

Lysosome 

Histamine 

Macrophage 

Lysozyme 

Bradykinin 

Interferon 

Edema 

Complement 

Extravasation 

C-reactive protein 

Phagosome 



MHC molecules, whereas nearly all cells express class 
. MHC molecules. 



Descriptions: 

1) Thin outer layer of skin 

2) Layer of skin containing blood vessels ant 
glands 

3) One of several acute-phase proteins 

4) Hydrolytic enzyme found in mucous seci 

5) Migration of a phagocyte through the 
wall into the tissues 

6) Acidic antibacterial secretion found in the 

7) Has antiviral activity 

8) Induces vasodilation 
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9) Accumulation of fluid in intercellular space resulting 
in swelling 

10) Large vesicle containing ingested particulate material 

11) Accumulation of dead cells, digested material, and 
fluid 

1 2) Adherence of phagocytic cells to the endothelial wall 

13) Structures involved in microbial adherence to 
mucous membranes 



14) Stimulates pain receptors in the skin 

15) Phagocytic cell found in the tissues 

16) Phagocytic cell found in the blood 

17) Group of serum proteins involved in cell lysis and 
clearance of antigen 

18) Cytoplasmic vesicle containing degradative enzymes 

19) Protein-rich fluid that leaks from the capillaries into 
the tissues 
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CANCER AND THE 
IMMUNE SYSTEM 



CANCER: ORIGIN AND TERMINOLOGY 
MALIGNANT TRANSFORMATION OF CELLS 
ONCOGENES AND CANCER INDUCTION 
TUMORS OF THE IMMUNE SYSTEM 
TUMOR ANTIGENS 
IMMUNE RESPONSE TO TUMORS 
UJMOR EVASION OF THE IMMUNE SYSTEM 
CANCER IMMUNOTHERAPY 

\s the death toll from infectious disease has declined 
n the Western world, cancer has become the second- 
ranking cause of death, led only by heart disease. Current 
estimates project that one person in three in the United 
States will develop cancer, and that one person in five 
vill die from cancer. From an immunologic perspective, 
rancer cells can be viewed as altered self-cells that have 
scaped normal growth-regulating mechanisms. This 
ihapter examines the unique properties of cancer cells, 
paying particular attention to those properties that can 
>e recognized by the immune system. The immune 



responses that develop to cancer cells, as well as the 
methods by which cancers manage to evade those 
responses, are then described. Finally, current clinical and 
experimental immunotherapies for cancer are discussed. 



CANCER: ORIGIN 
AND TERMINOLOGY 



In a mature animal, a balance is usually maintained be- 
tween cell renewal and cell death in most organs and tis- 
sues.The various types of mature cells in the body have a 
given life span; as these cells die, new cells are generated 
by the proliferation and differentiation of various types 
of stem cells. Under normal circumstances, the produc- 
tion of new cells is so regulated that the numbers of any 
particular type of cell remain constant. Occasionally, 
though, cells arise that are no longer responsive to nor- 
mal growth-control mechanisms. These cells give rise to 
clones of cells that can expand to a considerable size, 
producing a tumor, or neoplasm. 

A tumor that is not capable of indefinite growth and 
does not invade the healthy surrounding tissue exten- 
sively is benign. A tumor that continues to grow and 
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becomes progressively invasive is malignant; the term 
cancer refers specifically to a malignant tumor. In addi- 
tion to uncontrolled growth, malignant tumors exhibit 
metastasis; in this process, small clusters of cancerous 
cells dislodge from a tumor, invade the blood or lym- 
phatic vessels, and are carried to other tissues, where they 
continue to proliferate. In this way a primary tumor at 
one site can give rise to a secondary tumor at another 
site (Figure 24-1). 

Malignant tumors are classified according to the em- 
bryonic origin of the tissue from which the tumor is de- 
rived. Carcinomas are tumors arising from endodermal 
or ectodermal tissues such as skin or the epithelial lin- 
ing of internal organs and glands. Sarcomas, which arise 
less frequendy, are derived from mesodermal connective 
tissues such as bone, fat, and cartilage. The leukemias 
and lymphomas are malignant tumors of hematopoi- 
etic cells of the bone marrow. Leukernias proliferate as 
single cells, whereas lymphomas tend to grow as tumor 
masses. 



MALIGNANT 
TRANSFORMATION OF CELLS 



Treatment of normal cultured cells with chemical car- 
cinogens, irradiation, and certain viruses can alter the 
morphology and growth properties of the cells. In some 
cases this process, referred to as transformation, makes 
the cells able to induce tumors when they are injected 
into animals- Such cells are said to have undergone 
malignant transformation, and they often exhibit in 
vitro culture properties similar to those of cancer cells. 
For example, they have decreased requirements for 
growth factors and serum, are no longer anchorage- 
dependent, and grow in a density-independent fashion. 
Moreover, both cancer cells and transformed cells can be 
subcultured indefinitely; that is, they are immortal 
Because of the similar properties of cancer and trans- 
formed cells, the process of malignant transformation has 
been studied extensively as a model of cancer induction. 

Various chemical agents (e.g., DNA-alkylating rea- 
gents) and physical agents (e.g., ultraviolet light and ion- 
izing radiation) that cause mutations have been shown to 
induce transformation. Induction of malignant transfor- 
mation with such chemical or physical carcinogens ap- 
pears to involve multiple steps and at least two distinct 
phases: initiation and promotion. Initiation involves 
changes in the genome but does not, in itself, lead to 
malignant transformation. Following initiation, pro- 
moters stimulate cell division and lea'd to malignant 
transformation. 



The importance of mutagenesis in the induction of 
cancer is illustrated in certain diseases such as xeroderma 
pigmentosum. This rare disease in humans is caused by 
a defect in the gene encoding a DNA-repair enzyme 
called UV-specific endonuclease. Individuals with this 
disease are unable to repair UV-induced mutations and 
consequendy develop skin cancers. 

A number of DNA and RNA viruses have been 
shown to induce malignant transformation. Two of the 
best-studied DNA viruses known to cause malignant 
transformation are SV40 and polyoma. In both cases the 
viral genomes, which integrate randomly into the host 
chromosomal DNA, include several genes that are 
expressed early in the course of viral replication. SV40 
encodes two early proteins called T and t, and polyoma 
encodes three early proteins called T, mid-T, and t. Each 
of these proteins plays a role in malignant transformation 
of virus-infected cells. 

Most RNA viruses replicate in the cytoplasm and do 
not induce malignant transformation. The exceptions 
are retroviruses, which transcribe their RNA into DNA 
by means of a reverse transcriptase enzyme and then 
integrate the DNA transcript into the host's chromo- 
somal DNA. This process is similar in the cytopathic 
retroviruses such as HIV-1 and HIV-2 and in the trans- 
forming retroviruses, which induce changes in the host 
cell that lead to malignant transformation. In some cases, 
retrovirus-induced transformation is related to the pres- 
ence of oncogenes, or "cancer genes " carried by the 
retrovirus. 

One of the best-studied traroforming retroviruses is 
the Rous sarcoma virus. This virus carries an onco- 
gene called v-5rt, which encodes a 60-kDa protein kinase 
(v-Src) that catalyzes the addition of phosphate to tyro- 
sine residues on proteins. The first evidence that onco- 
genes alone could induce malignant transformation came 
from studies on the v-sir oncogene from Rous sarcom; 
virus. When the v-sir oncogene from Rous sarcoma viru* 
was cloned and transfected into normal cells in culture 
the cells underwent malignant transformation. 



ONCOGENES AND 
CANCER INDUCTION 



In 1971 Howard Temin suggested that oncogenes migh 
not be unique to transforming viruses but might also b 
found in normal cells; indeed, he proposed that onco 
genes might be acquired by a virus from the genome c 
an infected cell. He called these cellular genes proto 
oncogenes, or cellular oncogenes (c-ont), to distir 
guish them from their viral counterpart (v-onc). In th 
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mid-1970s J. M. Bishop and H. E.Varmus identified a 
homologous DNA sequence in normal chicken cells 
that is homologous to v-src from Rous sarcoma virus. 
This cellular oncogene was designated c-src. Since these 
early discoveries, numerous cellular oncogenes have been 
identified. 

Sequence comparisons of viral and cellular oncogenes 
reveal that they are highly conserved in evolution. Al- 
though most cellular oncogenes consist of a series of 



exom and introns, their viral counterparts consist of un- 
interrupted coding sequences, suggesting that the virus 
might have acquired the oncogene sequence via an inter- 
mediate RNA transcript from which the intron se- 
quences were removed during RNA processing. The 
actual coding sequences of viral oncogenes and the corre- 
sponding proto-oncogenes exhibit a high degree of 
homology; in some cases a single point mutation is all that 
distinguishes a viral oncogene from the corresponding 
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TABLE 24-1 



FUNCTIONAL CLASSIFICATION 
OF ONCOGENES 



TYPE/ 
NAME 


NATURE OF GENE PRODUCT 
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* The activity of the category II oncogene products is not well 
understood. However, loss or mutation in these oncogenes is 
associated with development of the indicated cancers. 



proto-oncogene. It is now believed that most, if not all 
oncogenes (both viral and cellular) are derived from cel- 
lular genes diat encode various growth-controlling pro- 
teins. In addition, the proteins encoded by a particular 
oncogene and its corresponding proto-oncogene appear 
to have very similar functions. As discussed below, the 
conversion of a proto-oncogene into an oncogene ap- 
pears in many cases to involve a change in the level of ex- 
pression of a normal growth-controlling protein. 

Function of Oncogenes 

Homeostasis in normal tissue is maintained by a highly 
regulated process of cellular proliferation balanced by cell 
death. If there is an imbalance, either at the level of cellu- 
lar proliferation or at the level of cell death, then a can- 
cerous state will develop. Oncogenes have been shown to 
play an important role in this process, either by regulat- 
ing cellular proliferation or by regulating cell death. 
Oncogenes can be divided into three categories reflect- 
ing these different activities (Table 24-1). 

Induction of Cellular 
Proliferation 

One category of oncogenes encodes proteins that induce 
cellular proliferation. Some of these proteins function 
as growth factors or growth-factor receptors. Included 
among these are 515, which encodes a form of platelet- 
derived growth factor, and fms t erbB, and new, which 
encode growth-factor receptors. In normal cells the 
expression of growth factors and their receptors is care- 
fully regulated. Usually, one population of cells secretes 
a growth factor that acts on another population of 
cells carrying the receptor for that factor, thus stimulat- 
ing proliferation of the second population. Inappropriate 
expression of either a growth factor or its receptor can 
result in uncontrolled proliferation. 

Other oncogenes in this category encode products 
that function in signal-transduction pathways or as tran- 
scription factors. The src and abl oncogenes encode tyro- 
sine kinases, and the ras oncogene encodes a GTP- 
binding protein. The products of these genes act as signal 
transducers.The mycjun y md Jos oncogenes encode tran- 
scription factors. Overactivity of any of these oncogenes 
may result in unregulated proliferation. 

Inhibition of Cellular 
Proliferation 

A second category of oncogenes — called tumor- 
suppressor genes, or anti-oncogenes — function to in- 
hibit excessive cell proliferation. Inactivation of these 
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oncogenes abolishes their inhibitory activity, resulting 
in- unregulated proliferation. The prototype of this cate- 
gory of oncogenes is Rb, the retinoblastoma gene. Hered- 
itary retinoblastoma is a rare childhood cancer in which 
tumors develop from neural precursor cells in the imma- 
ture retina. The affected child inherits a mutated Rb 
allele; somatic inactivation of the remaining Rb allele 
leads to tumor growth. Probably the single most frequent 
abnormality in human cancer is mutations in p53, which 
encodes a nuclear phosphoprotein. Over 90% of small- 
cell lung cancer and over 50% of breast and colon can- 
cers have been shown to be associated with mutations 
in p53. 

Regulation of Programmed 
Cell Death 

A diird category of oncogenes regulates programmed 
cell death.These genes encode proteins that either block 
or induce apoptosis. Included in this category of onco- 
genes is M-2, an anti-apoptosis gene. This oncogene was 
originally discovered from a chromosomal translocation 
associated with B-cell follicular lymphoma. Since its dis- 
covery, bcl-2 has been shown to play an important role in 
regulating cell survival during hematopoiesis and in sur- 
vival of selected B cells and T cells during maturation 
(see Chapters 8 and 12). Interestingly, the Epstein-Barr 
virus contains a gene that has sequence homology to bd- 
2 and may act in a similar manner to suppress apoptosis. 

Conversion of Proto- 
Oncogenes to Oncogenes 

In 1972 R.J. Huebner and G.J.Todaro suggested that 
mutations or genetic rearrangements of proto-oncogenes 
by carcinogens or viruses might alter the normal regu- 
lated function of these genes, converting them into 
potent cancer-causing oncogenes (Figure 24-2). Con- 
siderable evidence supporting this hypothesis accumu- 
lated in subsequent years. For example, some malignandy 
transformed cells contain multiple copies of cellular 
oncogenes, resulting in increased production of onco- 
gene products. Such ampli6cation of cellular oncogenes 
has been observed in cells from various types of human 
cancers. Several groups have identified c-myc oncogenes 
in homogeneously staining regions (HSRs) of chromo- 
somes from cancer cells; these HSRs represent long tan- 
dem arrays of amplified genes. 

In addition, some cancer cells exhibit chromosomal 
translocations, which usually involve movement of a 
proto-oncogene from one chromosomal site to another 
(Figure 24-3). In many cases of Burkitts lymphoma, for 
example, c-myc is moved from its normal position on 
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FIGURE 24-2 



Conversion of proto-oncogenes into oncogenes can involve muta- 
tion, resulting in production of qualitatively different gene products, 
or DNA amplification or translocation, resulting in increased or 
decreased expression of gene products. 



chromosome 8 to a position near the immunoglobulin 
heavy-chain enhancer on chromosome 14. As a result of 
this translocation, synthesis of the c-Myc protein, which 
functions as a transcription factor, increases. 

Mutation in proto-oncogenes has also been associated 
with cellular transformation and may be a major mech- 
anism by which chemical carcinogens or x-irradiation 
convert a proto-oncogene into a cancer-inducing onco- 
gene. For instance, a single-point mutation in c-ras has 
been detected in human lung carcinoma, prostate carci- 
noma, bladder carcinoma, and neuroblastoma. This single 
mutation appears to reduce the GTPase activity of the 
Ras protein and may alter its function in the regulation 
of cellular growth. 

Viral integration into the host-cell genome may in it- 
self serve to convert a proto-oncogene into a transform- 
ing oncogene. For example, avian leukosis virus (ALV) is 
a retrovirus that does not carry any viral oncogenes and 
yet is able to transform B cells into lymphomas. This 
particular retrovirus has been shown to integrate within 
the c-myc proto-oncogene, which contains three exons. 
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(a) Chronic myelogenous leukemia 
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Chromosomal translocations in (a) chronic myelogenous leukemia 
(CML) and (b) Burkitts lymphoma. Leukemic cells from all patients 
with CML contain the so-caUed Philadelphia chromosome, which 
results from a translocation between chromosomes 9 and 22. Cancer 
cells from some patients with Burkitt s lymphoma exhibit a transloca- 
tion that moves part of chromosome 8 to chromosome 14. It is now 
known that this translocation involves c-myr, a cellular oncogene. 
Abnormalities such as these are detected by banding analysis of 
metaphase chromosomes. Normal chromosomes are shown on the 
left, and translocated chromosomes on the right. 



Exon 1 of c-myc has an unknown function; exons 2 and 
3 encode the Myc protein. Insertion of AVL between 
exon 1 and exon 2 has been shown in some cases to 
allow the provirus promoter to increase transcription of 
exons 2 and 3, resulting in increased synthesis of c-Myc. 

A variety of tumors have been shown to express sig- 
nificandy increased levels of growth factors or growth- 
factor receptors. In adult T-cell leukemia, T cells infected 
with the HTLV-1 retrovirus show constitutive expres- 



sion of IL-2 and the IL-2 receptor, enabling the cells to 
autostimulate their own proliferation in the absence of 
antigen activation (see Figure 13-13). Expression of the 
receptor for epidermal growth factor, which is encoded 
by c~erbB 7 has also been shown to be amplified in many 
cancer cells. And in breast cancer, increased synthesis of 
the growth-factor receptor encoded by c-neu has been 
linked with a poor prognosis. 

One of the best examples of the association between 
increased expression of growth factors and cancer induc- 
tion involves transforming growth factor (TGF-a). 
TGF-a, which is secreted by a variety of transformed 
cells, is similar in both structure and function to epi- 
dermal growth factor (EGF), and like EGF it is also able 
to bind to the EGF receptor on cells. Increased expres- 
sion of both TGF-a and the EGF receptor have been 
observed in many cancer cells and in cells that have 
been transformed with retroviruses, viral oncogenes, and 
carcinogens. 

TGF-a is thought to act as an autocrine activator of 
the EGF receptor. The effects ofTGF-a overproduction 
have been studied by producing transgenic mice con- 
taining a TGF-a transgene linked to a metallothionine 
promoter. In these mice, the level of TGF-a expression 
could be controlled by adjusting their zinc intake. 
Experiments with these mice revealed that when TGF-a 
expression was high, they developed carcinomas of the 
liver and breast and also exhibited enlargement of the 
pancreas; however, when TGF-a expression was low, 
none of these changes was observed. Thus overexpres- 
sion of the gene encoding TGF-a enables it to function 
as an oncogene in this system. 

induction of Cancer. 
A Multistep Process 

The development from a normal cell to a cancerous cell 
is thought to be a multistep process of clonal evolution 
driven by a series of somatic mutations that progressively 
convert the cell from normal growth to a precancerous 
state and finally into a cancerous state. 

The presence of myriad chromosomal abnormalities 
in precancerous and cancerous cells lends support to the 
role of multiple mutations in the development of cancer. 
This has been demonstrated in human colon cancer, 
which progresses in a series of well-defined morphologic 
stages (Figure 24-4). Colon cancer begins as smaD, 
benign tumors in the colorectal epithelium, called ade- 
nomas. These precancerous tumors grow, gradually be- 
coming increasingly disorganized in their intracellular 
organization until they acquire the malignant phenotype. 
These well-defined morphologic stages of colon cancer 
have been correlated with a sequence of gene changes 
involving inactivation or loss of three anti-oncogenes 
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FIGURE 24-4 



Model of sequential genetic alterations leading to metastatic colon 
cancer. Each of the stages indicated at the bottom is morphologically 
distinct, allowing researchers to determine the sequence of genetic 



alterations. [Adapted from B. Vogelstein and K. W. Kinzler, 1993, 
Trends Genet. 9:138.] 



(APC, D CC, and p53) and activation of one cellular pro- 
liferation oncogene (K-ras). 

Studies with transgenic mice also support the role of 
multiple steps in the induction of cancer. Transgenic 
mice expressing high levels of Bcl-2 develop a popula- 
tion of small resting B cells, derived from secondary 
lymphoid follicles, that have greatly extended life spans. 
Gradually these transgenic mice develop lymphomas. 
Analysis of lymphomas in these transgenic mice have 
shown that approximately half have a c-myc translocation 
to the immunoglobulin H-chain locus.The synergism of 
Myc and Bcl-2 is highlighted in double-transgenic mice 
(produced by mating the bd-2* transgenic mice with 
myc + transgenic mice). In this case the mice develop a 
very rapid onset leukemia. 



TUMORS 
IMMUNE 



OF THE 
SYSTEM 



Tumors of the immune system are classified as lym- 
phomas or leukemias. Lymphomas proliferate as solid 
tumors within a lymphoid tissue such as the bone mar- 
row, lymph nodes, or thymus; they include Hodgkins 
and non-Hodgkin 's lymphomas. Leukemias tend to pro- 
liferate as single cells and are detected by increased cell 
numbers in the blood or lymph. Leukemia can develop 
in lymphoid or myeloid lineages. 

Historically the leukemias were classified as acute or 
chronic according to the clinical progression of the dis- 
ease. The acute leukemias appeared suddenly and pro- 
gressed rapidly, whereas the chronic leukemias were 
much less aggressive and developed slowly as mild, barely 



symptomatic diseases. These clinical distinctions apply to 
untreated leukemias; with current treatments the acute 
leukemias often have a good prognosis, and permanent 
remission can often be achieved. Now the major distinc- 
tion between acute and chronic leukemias is the matu- 
rity of the cell involved. Acute leukemias tend to arise in 
less mature cells, whereas chronic leukemias arise in 
mature cells. The acute leukemias include acute lym- 
phocytic leukemia (ALL) and acute myelogenous 
leukemia (AML); these diseases can develop at any age 
and have a rapid onset. The chronic leukemias include 
chronic lymphocytic leukemia (CLL) and chronic 
myelogenous leukemia (CML); these diseases develop 
slowly and are seen in adults. 

A number of B- andT-cell leukemias and lymphomas 
have been shown to involve chromosomal translocations 
in which a proto-oncogene is translocated into the 
immunoglobulin genes or T-cell-receptor genes. One of 
the best-characterized involves the translocation of c-myc 
in Burkitt 's lymphoma and in mouse plasmacytomas. In 
75% of Burkitt s lymphoma patients, c-myc is translocated 
from chromosome 8 to the Ig heavy-chain gene cluster 
on chromosome 14 (see Figure 24-3b). In the remaining 
patients, c-myc remains ori chromosome 8 and the K or A 
light^chain genes are translocated to a region 3 'of c-myc. 
Kappa-gene translocations from chromosome 2 to chro- 
mosome 8 occur 9% of the time, and A-gene transloca- 
tions from chromosome 22 to chromosome 8 occur 1 6% 
of the time. 

Translocations of c-myc to the Ig heavy-chain gene 
cluster on chromosome 14 have been analyzed in some 
detail. In some cases the entire c-myc gene is translocated 
head-to-head to a region near the heavy-chain, en- 
hancer. In other cases exons 1 , 2, and 3 or exons 2 and 
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In many patients with Burkitts lym- 
phoma, the c-myc gene is translocated 
to the immunoglobulin heavy-chain 
gene cluster on chromosome 14. In 
some cases, the entire c-mye gene is 
inserted near the heavy-chain enhancer 
(a) T but in other cases, only the coding 
exons (2 and 3) of c-myc are inserted at 
the S m switch site (b). Only exons 2 and 
3 of c-myc are coding exons. Translo- 
cation may lead to overexpression of c- 
Myc or to changes in the protein due to 
increased somatic mutation. 



3 of c-myc are translocated head-to-head to the S m or 
Sa switch site (Figure 24-5). In each case the transloca- 
tion removes the myc coding exons from the regula- 
tory mechanisms operating in chromosome 8 and places 
them in the immunoglobulin-gene region, a very active 
region that is expressed constitutively in these cells. The 
consequences of constitutive myc expression in lymphoid 
cells have been investigated in transgenic mice. In one 
study mice contoning a transgene consisting of all three 
c-myc exons and the immunoglobulin heavy-chain en- 
hancer were produced. Of 15 transgenic pups born, 13 
developed lymphomas of the B-cell lineage within a few 
months of birth. 

Various hypotheses have been suggested to account 
for myc-related oncogenesis. Some researchers have sug- 
gested that the presence of the immunoglobulin en- 
hancer may result in overproduction of the c-Myc. 
Another hypothesis, based on the unusual level of muta- 
tions observed in exon 1 of c-myc after translocation, is 
that somatic mutation within the irnmunoglobulin V- 
region genes may induce mutations in the oncogene that 
lead to faulty regulation through its exon 1 or to changes 
in the function of its protein product. 



TUMOR ANTIGENS 



The subdiscipline of tumor immunology involves the 
study of antigens on tumor cells and the immune response 
to these antigens. Two types of tumor antigens have been 
identified on tumor cells: tumor-specific transplanta- 
tion antigens (TSTAs) and tumor-associated trans- 
plantation antigens (TATAs). Tumor-specific antigens 
are unique to tumor cells and do not occur on normal 
cells in the body. They may result from mutations in 
tumor cells that generate altered cellular proteins; cytoso- 



lic processing of these proteins would give rise to novel 
peptides that are presented with class I MHC molecules, 
inducing a cell-mediated response by tumor-specific 
CTLs (Figure 24-6). Tumor-associated antigens, which 
are not unique to tumor cells, may be proteins that are 
expressed on normal cells during fetal development 
when the immune system is immature and unable to 
respond but that normally are not expressed in the adult. 
Reactivation of the embryonic genes encoding these 
proteins in tumor cells results in their expression on the 
fully differentiated tumor cells. Tumor-associated anti- 
gens may also be proteins that are normally expressed at 
extremely low levels on normal cells but are expressed at 
much higher levels on tumor cells. 

Characterization of tumor transplantation antigens is 
difficult because they do not generally elicit an antibody 
response and thus cannot be isolated by immunoprecipi- 
tation. Many tumor antigens are cellular proteins that 
give rise to peptides presented with MHC molecules; 
typically, these antigens have been identified by their 
ability to induce antigen-specific CTLs. 

Tumor-Specific Antigens 

Tumor-specific antigens have been identified on tumors 
induced with chemical or physical carcinogens and on 
some virally induced tumors. Demonstrating the pres- 
ence of tumor-specifjc antigens on spontaneously occur- 
ring tumors is particularly difficult because the immune 
response to such tumors eliminates all of the tumor cells 
bearing recognizable antigens and in this way selects for 
cells bearing lower levels of tumor-specific antigens. 

Chemically or Physically Induced Tumor Antigens 

Methylcholanthrene and ultraviolet light are two car- 
cinogens that have been used extensively to generate 
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Different mechanisms generate tumor-specific transplantation antigens 
(TSTAs) and tumor-associated transplantation antigens (TATAs). The 
latter are more common 



tumor-cell lines. When syngeneic animals are injected 
with killed cells from a carcinogen-induced rumor-cell 
line, the animals develop a specific immunologic response 
that can protect against later challenge by live cells of the 
same line but not other tumor-cell lines (Table 24-2). 
Even when the same chemical carcinogen induces two 
separate tumors at different sites in the same animal, the 
tumor antigens are distinct and the immune response to 
one tumor does not protect against the other tumor. 

The tumor-specific transplantation antigens of chem- 
ically induced tumors have been difficult to characterize 
because they cannot be identified by induced antibodies 
but only by their T-cell-media ted rejection. One experi- 
mental approach that has allowed identification of genes 
encoding some TSTAs is oudined in Figure 24-7. When 
a mouse rumorigenic cell line (turn 4 ), which induces 
progressive tumor growth, is treated in vitro with a 
chemical mutagen, some cells are mutated so that they 
no longer are capable of inducing a tumor in syngeneic 
mice. These mutant tumor cells are designated as turn" 
variants. Most turn" variants have been shown to express 
TSTAs that are not expressed by the original turn 4 
tumor-cell line. When turn" cells are injected into syn- 
geneic mice, these unique TSTAs that the rum" cells 
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* Tumors were induced either with MCA or PV, and killed cells 
from the induced tumors were injected into syngeneic animals, which 
were then challenged with live cells from the indicated tumor-cell 
lines. The absence of tumor growth after live challenge indicates that 
the immune response induced by rumor antigens on the killed cells 
provided protection against the live cells. 
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One procedure for identifying genes encoding tumor-specific trans- 
plantation antigens (TSTAs). Most TSTAs can be detected only by the 
cell-mediated rejection they elicit. In the first part of this procedure, a 
nontumorigenic (turn") cell line is generated; this cell line expresses a 
TSTA that is recognized by syngeneic mice, which mount a cell- 



mediated response against it. To isolate the gene encoding the TSTA, a 
cosmid gene library is prepared from the turn" cell line, the genes are 
transfected into rurnorigenic tum + cells, and the transfected cells are 
incubated with TSTA-specific CTLs. 



express are recognized by specific CTLs. The TSTA- 
specific CTLs destroy the turn" tumor cells, thus prevent- 
ing tumor growth, lb identify the genes encoding the 
TSTAs that are expressed on a turn - cell line, a cosmid 
DNA library is prepared from the turn" cells. Genes from 
the turn - cells are transfected into the original ■fum + 
cells. The transfected tum + cells are tested for the expres- 



sion of the turn" TSTAs by their ability to activate 
cloned CTLs specific for the turn" TSTA. A number of 
diverse TSTAs have been identified by this method. 

In the past few years, two methods have facilitated the 
characterization of TSTAs (Figure 24-8). In one method 
peptides bound to class I MHC molecules on the mem- 
brane of the tumor cells are eluted with acid and puri- 
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FIGURE 24-8 



Two methods used to isolate tumor antigens 
that induce tumor-specific CTLs. See text 
for details. 
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fied by high-pressure liquid chromatography (HPLC). 
In some cases sufficient peptide is eluted to allow its 
sequence to be deduced by Edman degradation. In a 
second approach cDNA libraries are prepared from tu- 
mor cells. These cDNA libraries are transfected tran- 
siently into COS cells, which are monkey kidney ceDs 
transfected with the gene coding for the SV40 large-T 
antigen. When these cells are later transfected with plas- 
mids containing the tumor-cell cDNA and an SV40 
origin of replication, the large-T antigen stimulates plas- 
mid replication, so that up to 10 4 — 10 5 plasmid copies are 
produced per cell. This results in high-level expression of 
the tumor-cell DNA. 

The genes encoding some TSTAs have been shown 
to differ from normal cellular genes by a single-point 
mutation. Further characterization ofTSTAs has demon- 
strated that many TSTAs are not cell-membrane pro- 
teins; rather, as indicated already, they are cytosolic pro- 
teins that are processed and presented as short peptides 
together with class I MHC molecules on the surface of 
tumor cells where they can be recognized by CTLs as 
altered self^cells. 

Virally Induced Tumor Antigens 

In contrast to chemically induced tumors, virally in- 
duced tumors express tumor antigens shared by all 
tumors induced by the same virus. For example, when 
syngeneic mice are injected with kiUed cells from a par- 



ticular polyoma-induced tumor, the recipients are pro- 
tected against subsequent challenge with live cells from 
any polyoma-induced tumors (see Table 24-2). Likewise, 
when lymphocytes are transferred from mice with a 
virus-induced tumor into normal syngeneic recipients, 
the recipients reject subsequent transplants of all syn- 
geneic tumors induced by the same virus. In the case of 
both SV40- and polyoma-induced rumors, the presence 
of tumor antigens is related to the neoplastic state of the 
cell. Although virally induced tumor antigens have not 
yet been established in human cancers, Burkitt s lym- 
phoma cells have been shown to express a nuclear anti- 
gen of the Epstein-Barr virus that may indeed be a 
tumor-specific antigen for this type of tumor. 

The potential value of these virally induced tumor 
antigens can be seen in animal models. In one experi- 
ment mice immunized with a preparation of genetically 
engineered polyoma virus tumor antigen were shown to 
be immune to subsequent injections of live polyoma- 
induced tumor cells. In another experiment mice were 
immunized with a vaccinia virus vaccine engineered 
with the gene encoding the polyoma tumor antigen. 
These mice also developed immunity, rejecting later 
injections of live polyoma-induced tumor cells (Figure 
24-9). The first example of a virally induced tumor anti- 
gen associated with a human cancer is a peptide from 
human papilloma virus. This oncoviral peptide may 
prove useful for immunization of patients carrying virus- 
associated tumors. 
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Experimental induction of immunity against tumor 
cells induced by polyoma virus (PV) has been 
achieved by immunizing mice with recombinant 
polyoma tumor antigen (a), with a vaccinia vector vac- 
cine containing the gene encoding the PV tumor 
antigen (b), or with CTLs speci6c for the PV tumor 
antigen (c). Un immunized mice {bottom) develop 
rumors when injected with live polyoma-induced 
rumor cells, whereas the immunized mice do not. 
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Tumor-Associated Antigens 

The majority of tumor antigens are not unique to tumor 
cells but also are present on normal cells. These tumor- 
associated transplantation antigens may be proteins usu- 
ally expressed only on fetal cells but not on normal adult 
cells, or they may be proteins expressed at low levels by 
normal cells but at much higher levels by tumor cells. 
The latter category includes growth factors and growth- 
factor receptors, as well as oncogene-encoded proteins. 

Several growth-factor receptors are expressed at sig- 
nificandy increased levels on tumor cells and can serve 
as tumor-associated antigens. For instance, a variety of 
tumor cells express the EGF receptor at levels 100 times 
greater than that in normal cells. An example of an over- 
expressed growth factor serving as a tumor-associated 
antigen is a transferrin growth factor, designated p97, 
which aids in the transport of iron into cells. Whereas 
normal cells express less than 8,000 molecules of p97 



per cell, melanoma cells express 50,000-500,000 mole- 
cules of p97 per cell. The gene encoding p97 has been 
cloned, and a recombinant vaccinia virus vaccine has 
been prepared carrying the cloned gene. When this vac- 
cine was injected into mice, it induced both humoral 
and cell-mediated immune responses, which protected 
the mice against live melanoma cells expressing the p97 
antigen. Results such as this highlight the importance of 
identifying tumor antigens as potential targets of tumor 
immunotherapy. 

Oncofetal Tumor Antigens 

Oncofetal tumor antigens, as the name implies, are 
found not only on cancerous cells but also on normal 
fetal cells. These antigens appear early in embryonic 
development, before the immune system acquires 
immunocompetence; if these antigens appear later on 
cancer cells, they are recognized as nonself and induce an 
immunologic response. Two well-studied oncofetal anti- 
gens are alpha-fetoprotein (AFP) and carcinoembry- 
onic antigen (CEA). 

Although the serum concentration of AFP drops from 
milligram levels in fetal serum to nanogram levels in nor- 
mal adult serum, elevated AFP levels are found in a 
majority of patients with liver cancer (Table 24-3). CEA 
is a membrane glycoprotein found on gastrointestinal 
and liver cells of 2- to 6-rnonth-old fetuses. Approxi- 
mately 90% of patients with advanced colorectal cancer, 
and 50% of patients with early colorectal cancer have 
increased levels of CEA in their serum; some patients 
with other types of cancer also exhibit increased CEA 
levels. However, because AFP and CEA can be found in 
trace amounts in some normal adults and in some non- 
cancerous disease states, the presence of these oncofetal 
antigens is not diagnostic of tumors but rather serves to 
monitor tumor growth. If, for example, a patient has 
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had surgery to remove a colorectal carcinoma, CEA lev- 
els are monitored following surgery. An increase in the 
GEA level is an indication of resumed tumor growth. 

Oncogene Proteins as Tumor Antigens 

A number of tumors have been shown to express tumor- 
associated antigens encoded by cellular oncogenes. These 
antigens are also present in normal cells encoded by the 
corresponding proto-oncogene. In many cases there is 
no qualitative difference between the oncogene and 
proto- oncogene products; instead, the increased levels of 
the oncogene product can be recognized by the immune 
system. For example, as noted earlier, human breast-can- 
cer cells exhibit elevated expression of the oncogene- 



encoded Neu protein, a growth-factor receptor, whereas 
normal adult cells express only trace amounts of Neu 
protein. Because of this difference in the Neu level, and- 
Neu monoclonal antibodies can recognize and selec- 
tively eliminate breast-cancer cells without damaging 
normal cells. 

A few tumors have been shown to express a proto- 
oncogene product that is qualitatively different from the 
normal protein. For example, single-point mutations in 
the ras proto-oncogene have been detected in a number 
of tumors including 17 out of 17 cases of malignant 
prostate cancer. If these qualitative changes can be recog- 
nized effectively by the immune system as tumor- 
specific antigens, they will lend themselves to various 
cancer immunotherapy approaches. 



TAB 



ELEVATION OF ALPHA- FETOPROTEIN (AFP) AND CARCINOEMBRYONIC 
ANTIGEN (CEA) IN SERUM OF PATIENTS WITH VARIOUS DISEASES 
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Although trace amounts of both AFP and CEA can be found in some healthy adults, none would have levels greater than those 
indicated in the table. 
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TATAs on Human Melanomas 

Several tumor-associated transplantation antigens have 
been i den tified on human melanomas. Five of these — 
MAGE-1, MAGE-3, B AGE, GAGE- T,2— are oncofetaJ- 
type antigens. Each of these antigens is expressed on a 
significant proportion of human melanoma tumors, as 
well as on a number of other human tumors, but not 
on normal differentiated tissues except for the testis 
where it is expressed on germ-line cells. In addition, a 
number of differentiation antigens expressed on normal 
melanocytes — including tyrosinase, gplOO, Mel an- A or 
MART-1, and gp75 — are overexpressed by melanoma 
cells, enabling them to function as tumor-associated 
transplantation antigens. 

Several of the human melanoma tumor antigens are 
shared by a number of other tumors. About 40% of 
human melanomas are positive for MAGE-1, and about 
75% are positive for MAGE-2 or 3. In addition to mela- 
nomas, a significant percentage of glioma cell lines, breast 
tumors, non-small cell lung tumors, and head or neck 
carcinomas express MAGE-1 , 2 or 3.These shared tumor 
antigens could be exploited for clinical treatment. It 
might be possible to produce a tumor vaccine expressing 
the shared antigen for treatment of a number of these 
tumors, as discussed later in the chapter. 



IMMUNE RESPONSE 
TO TUMORS 



In experimental animals tumor antigens can be shown 
to induce both humoral and cell-mediated immune 
responses resulting in destruction of the tumor cells. In 
general, the cell-mediated response appears to play the 
major role in tumor elimination. A number of tumors 
have been shown to induce tumor-specific CTLs that 
recognize tumor antigens presented by class I MHC on 
the tumor cells. However, as discussed below, expression 
of class I MHC molecules is decreased in a number of 
tumors, thereby limiting the role of specific CTLs in 
destroying tumor cells. 

Role of NK Cells and Macrophages 

As noted in Chapter 16, recognition of tumor cells by 
NK cells is not MHC restricted. Thus the activity of 
these cells is not compromised by the decreased MHC 
expression exhibited by some tumor cells. In some cases 
Fc receptors on NK cells can bind to antibody-coated 
tumor cells leading to ADCC (see Figure 16-12). The. 
importance of NK cells in tumor immunity is suggested 
by the mutant mouse strain called beige and by 
Chediak-Higashi syndrome in humans. In both cases, 



a genetic defect causes marked impairment of NK cells 
and an associated increased incidence of certain types 
of cancer- 
Numerous observations indicate that activated macro- 
phages also play a significant role in the immune re- 
sponse to tumors. For example, macrophages are often 
observed to cluster around tumors, and their presence is 
often correlated with tumor regression. Like NK cells, 
macrophages are not MHC restricted and express Fc 
receptors, enabling them to bind to antibody on tumor 
cells and mediate ADCC. The antitumor activity of acti- 
vated macrophages is probably mediated by lytic en- 
zymes and reactive oxygen and nitrogen intermediates. 
In addition, activated macrophages secrete a cytokine 
called tumor necrosis factor (TNF-a) that has potent 
antitumor activity. When TNF-a is injected into tumor- 
bearing animals, it has been found to induce hemorrhage 
and necrosis of the rumor (see Figure 15-1 4a). 

Immune Surveillance Theory 

The immune surveillance theory was first conceptual- 
ized in the early 1900s by Paul Ehrlich. He suggested 
that cancer cells frequently arise in the body but are rec- 
ognized as foreign and eliminated by the immune sys- 
tem. Some 50 years later Lewis Thomas suggested that 
the cell-mediated branch of the immune system had 
evolved to patrol the body and' eliminate cancer cells. 
According to these concepts, tumors arise only if cancer 
* cells are able to escape immune surveillance, either by 
reducing their expression of tumor antigens or by an 
impairment in the immune response to these cells. 

Among the early observations that seemed to support 
the immune surveillance theory was the increased inci- 
dence of cancer in transplantation patients on immuno- 
suppressive drugs. Other findings, however, were difficult 
to reconcile with this theory. Nude mice, for example, 
lack a thymus and consequendy lack functional T cells. 
According to the immune surveillance theory, these 
mice should show an increase in cancer, but instead nude 
mice are no more susceptible to cancer than other mice. 
Furthermore, although individuals on immunosuppres- 
sive drugs do show an increased incidence of cancers of 
the immune system, other common cancers (e.g., lung, 
breast, and colon cancer) are not increased in these indi- 
viduals, contrary to what the theory predicts. One possi- 
ble explanation for the selective increase in immune- 
system cancers is that the immunosuppressive agents 
themselves may exert a direct carcinogenic effect on 
immune cells. 

Experimental data concerning the efFect of tumor- 
cell dosage on the ability of the immune system to 
respond also are incompatible with the immune surveil- 
lance theory. For example, animals injected with very 
low or very high doses of tumor cells develop tumors, 
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whereas those injected with intermediate doses do not. 
The mechanism by which a low dose of _tumor„ cells_ 
"sneaks through" is difficult to reconcile with the im- 
mune surveillance theory Finally, this theory assumes 
that cancer cells and norma] cells exhibit qualitative anti- 
gen differences. In fact, as discussed in previous sections, 
many types of tumors do not express tumor-specific 
antigens, and any immune response that develops must 
be induced by quantitative differences in antigen expres- 
sion by normal cells and tumor cells. 

The basic concept of the immune surveillance 
theory— that malignant tumors arise only if the immune 
system is somehow impaired or if the tumor cells lose 
their immunogenicity, enabling them to escape immune 
surveillance — -at this time remains unproved. Never- 
theless, it is clear that an immune response can be gener- 
ated to tumor cells and therapeutic approaches aimed at 
increasing that response may serve as a defense against 
malignant cells. 



TUMOR EVASION 
OF THE IMMUNE SYSTEM 



Although the immune system clearly can respond to 
tumor ceUs. the fact that so many individuals die each 
year from cancer suggests that the immune response to 
tumor cells is often ineffective. This section describes 
several mechanisms by which tumor cells appear to 
evade the immune system. 

Immunologic Enhancement 
of Tumor Growth 

Following the discovery that antibodies could be pro- 
duced to tumor-specific antigens, attempts were made to 
protect animals against tumor growth by active immu- 
nization with tumor antigens or by passive immunization 
with antitumor antibodies. Much to the surprise of the 
researchers, these immunizations did not protect against 
tumor growth; in many cases they actually enhanced 
growth of the tumor. 

The tumor-enhancing ability of immune sera subse- 
quently was studied in cell- mediated lympholysis (CML) 
reactions in vitro. Serum taken from animals with progres- 
sive tumor growth was found to block the CML reaction, 
whereas serum taken from animals with regressing tumors 
had little or no blocking activity K. E. and I. Hellstrom 
extended these findings by showing that children with 
progressive neuroblastoma had high levels of some kind of 
blocking factor in their sera and that children with regres- 
sive neuroblastoma did not have such factors. Since these 
first reports, blocking factors have been found to be asso- 
ciated with a number of human tumors. 



In some cases, antitumor antibody itself acts as a block- 
ing -/ a ct°r. Pr^uiT^bry the antibody binds to tumor- 
specific antigens and masks the antigens from cytotoxic 
T cells. In many cases the blocking factors are not anti- 
bodies alone but rather antibodies complexed to tumor 
antigens. Although these immune complexes have been 
shown to block the CTL response, the mechanism of 
this inhibition is not known. The complexes also may 
inhibit ADCC by binding to Fc receptors on NK cells or 
macrophages and blocking their activity 

Modulation of Tumor Antigens 

Certain tumor-specific antigens have been observed to 
disappear from the surface of tumor cells in the presence 
of serum antibody and then to reappear after the anti- 
body is no longer present. This phenomenon, called 
antigenic modulation, is readily observed when leu- 
kemic T cells are injected into mice previously immu- 
nized with a leukemic T-cell antigen (TL antigen). These 
mice develop high titers of anti-TL antibody, which 
binds to the TL antigen on the leukemic cells and in- 
duces capping, endocytosis, and/or shedding of the anti- 
gen-antibody complex. As long as antibody is present, 
these leukemic T cells fail to display the TL antigen and 
thus cannot be eliminated. 

Reduction in Class I MHC Molecules 

Since CD8 + CTLs only recognize antigen associated 
with class I MHC molecules, any alteration in the ex- 
pression of class I MHC molecules on tumor cells may 
exert a profound effect on the CTL-mediated immune 
response. Malignant transformation of cells is often asso- 
ciated with a reduction (or even a complete loss) of class 
I MHC molecules, and a number of tumors have been 
shown to express decreased levels of class 1 MHC mole- 
cules (Table 24-4). In many cases the decrease in class I 
MHC expression is accompanied by progressive tumor 
growth, and so the absence of MHC molecules on a 
tumor is generally an indication of a poor prognosis. As 
illustrated in Figure 24-10, the immune response itself 
may play a role in selecting tumor cells with decreased 
class I MHC expression. 

Lack of Co-stimulatory Signal 

T-cell activation requires an activating signal, triggered by 
recognition of a peptide— MHC molecule complex by the 
T-cell receptor, and a co-stimulatory signal triggered by 
the interaction of B7 on antigen-presenting celk with 
CD28 on theT cells (see Figure 12-14). Both signals are 
needed to induce IL-2 production and proliferation of T 
cells. The poor immunogenicity of many rumor cells may 
be due in large part to the lack of the co-stimulatory mol- 
ecules. Without sufficient numbers of antigen- presenting 
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SOME TUMORS WITH ALTERED MHC EXPRESSION 
AND THE BIOLOGICAL CONSEQUENCES 



EXPERIMENTAL TUMOR SYSTEMS 

■ AKR mouse leukemia- ^ 

Murine D122 Lewis lung carcinoma 

MetHykholanthrene-induced 
murine Tl 0 sarcoma . - 

SV40-transformed mouse cells , 

Radiation leukemia virus (RadLV)— 
transformed mouse cells 

Herpes simplex virus type 2 : " ; 
(HSV-2)-infected cells 

Human Burkitts lymphoma 

Human urothelial cell line TGr III 

Human small-cell lung cancer 

Human neuroblastoma 

Human mucihous colorectal carcinoma 

Human melanomas 



ALTERED MHC EXPRESSION 

Absence of H-21C 'y : 
fe&Uced rt-2k/H-2D ratio- 
Absence of H-2K and 
increased H-2D 

Absence of H-2K 
Absence of class I - 

Reduced class I molecules 

Absence of class 1 
Reduced class I 

Deficient class 1 

Deficient class I 
Reduced class I 
Reduced class I 



BIOLOGICAL CONSEQUENCES 

Increased turnorigenicity 
Increased metastasis 
Increased metastasis 

Increased turnorigenicity 



Lethal leukemogenesis 



Resistance to lysis by CTLsf 

Resistance to lysis by GTLs 

Increased turnorigenicity and 
invasiveness 

Increased turnorigenicity and 
r metastisis 



I ricreased N-myr expression v . 

Poor proigriosis ■■■ ■' ;\ 

Increased invasiveness; and 
thicker primary fqrrri 



SOURCE: From K. M. Hui, 1989, BioEssays 1 1:23. 



cells in the immediate vicinity of a tumor, the T cells will 
receive only a partial activating signal, which may lead to 
clonal anergy. 



CANCER IMMUNOTHERAPY 



Although various immune responses can be generated to 
tumor cells, the response frequendy is not sufficient to 
prevent tumor growth. One approach to cancer treat- 
ment is to augment or supplement these natural defense 
mechanisms. Several types of cancer immunotherapy in 
current use or under development are described in this 
concluding section. 

Manipulation of Co-stimulatory Signal . 

Several research groups have demonstrated that tumor im- 
munity can be enhanced by providing the co-stimulatory 



signal necessary for activation of CTL precursors (CTL- 
Ps).When mouse CTL-Ps are incubated with melanoma 
cells in vitro, antigen recognition occurs, but in the 
absence of a co-stimulatory signal, the CTL-Ps do not 
proliferate and differentiate into effector CTLs. How- 
ever, when the melanoma cells are transfected with the 
gene encoding the B7 ligand, then the CTL-Ps differen- 
tiate into effector CTLs. 

These findings offer the possibility that B7-transfected 
tumor cells might be used to induce a CTL response in 
vivo. For instance, when R Linsley, L. Chen, and their 
colleagues injected melanoma-bearing mice with B7 + 
melanoma cells, the melanomas completely regressed in 
more than 40% of the mice. S. Townsend and J. Allison 
used a similar approach to vaccinate mice against malig- 
nant melanoma. Normal mice were first immunized 
with irradiated, B7-transfected melanoma cells and then 
challenged with unaltered malignant melanoma cells. 
The "vaccine" was found to protect a high percentage of 
the mice (Figure 24-1 la). It is hoped that a similar vac- 
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FIGURE 24-10 

Down-regulation of class I MHC expression 
on tumor cells may allow a tumor to escape 
CTL-mediated recognition- The immune 
response may play a role in selecting for tumor 
cells expressing lower levels of class I MHC 
molecules by preferentially eliminating those 
cells expressing high levels of class 1 molecules. 
With time, malignant rumor cells may express 
progressively fewer MHC molecules and thus 
escape CTL-mediated destruction. 



Escapes 



cine might prevent metastasis after surgical removal of a 
primary melanoma in human patients. 

Because human melanoma antigens are shared by a 
number of different human tumors, it might be possible 
to generate a panel of B7-transfected melanoma cell lines 
that are typed for tumor antigen expression and for HLA 
expression. In this approach, the tumor antigen (s) 
expressed by a patient s tumor would be determined, and 
then the patient would be vaccinated with an irradiated 
B7-transfected cell line that expresses a similar tumor 
antigen (s). 

Enhancement of APC Activity 

Mouse dendritic cells cultured in GM-CSF and incu- 
bated with tumor fragments have been shown to activate 
both T*n cells and CTLs specific for the tumor antigens. 
When these mice were subsequently challenged with 
live tumor cells, they displayed tumor immunity. These 
experiments have led to a number of approaches aimed 



at expanding the population of antigen-presenting cells, 
so that these cells can activate Th or CTLs specific for 
tumor antigens. 

One approach that has been tried is to transfect 
rumor cells w r ith the gene encoding GM-CSF. These 
engineered tumor cells, when reinfused back into the 
patient, will secrete GM-CSF, enhancing the differen- 
tiation and activation of host antigen-presenting cells, 
especially dendritic cells. As these dendritic cells accu- 
mulate around the tumor cells, the GM-CSF secreted by 
the tumor cells will enhance the presentation of tumor 
antigens to Th and CTLs cells by the dendritic cells 
(Figure 24-1 lb). Clinical trials using melanoma cells 
transfected with GM-CSF are currendy under way in 
melanoma patients. 

Another way to expand the dendridc cell population 
is to culture dendritic cells from peripheral-blood pro- 
genitor ceUs in the presence of GM-CSF, TNF-a, and 
IL-4.These three cytokines allow the generation of large 
numbers of dendritic cells. If these dendritic cells are 
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Tumor cell 

transfected — > CTL activation — > Tumor destruction 
with B7 gene 




Tumor cell 

transfected with — > T Dendritic — > CTL > Tumor 

GM-CSFgene cells activation destruction 



FIGURE 24-11 

Use of transfected tumor cells jfbr cancer immunotherapy, (a) Tumor 
cells transfected with the B7 gene express the co-stimulatory B7 mol- 
ecule, enabling the tumor cells to provide both activating signal 1 and 
co-stimulatory signal 2 to CTL-Ps. As a result of the combined sig- 
nals, the CTL-Ps differentiate into effector CTLs, which can mediate 
tumor destruction. In effect, the transfected tumor cell acts as an anti- 
gen-presenting cell, (b) Transfecrion of tumor cells with the gene 
encoding GM-CSF allows the tumor cells to secrete high levels of 
GM-CSE This cytokine will activate dendritic cells in the vicinity of 
the tumor, enabling the dendritic cells to present tumor antigens to 
both T H cells and CTL-Ps. 



pulsed with tumor fragments and then reintroduced into 
the patient, they can now activate T H and T c cells spe- 
cific for the tumor antigens. 



A number of adjuvants, including the attenuated strain 
of Mycobacterium bouis called bacillus Calmette-Guerin 
(BCG) and Coryncbacterium parvuum t have been used to 
boost tumor immunity. These adjuvants activate macro- 
phages increasing their expression of various cytokines, 
class II MHC molecules, and the B7 co-stimulatory 
molecule. These activated macrophages are better activa- 
tors of T H cells, resulting in generalized increases in both 
humoral and cell-mediated responses. Although initially 
hailed as a "cancer cure," these adjuvants have shown 
only modest therapeutic results in melanoma patients 
and on the whole the clinical results with adjuvants have 
been disappointing. 

Cytokine Therapy 

The isolation and cloning of the various cytokine genes, 
mentioned in Chapter 13, has facilitated their large-scale 
production. A variety of experimental and clinical ap- 
proaches have been developed to use recombinant 
cytokines, either singly or in combination, to augment 
the immune response against cancer. Among the cyto- 
kines that have been evaluated in cancer immunother- 
apy are interferons a, & and /, IL-1, 1L-2, IL-4, IL-5, 
and 1L-12; GM-CSF and TNF Although these triali 
have produced occasional hopeful results, many obsta- 
cles remain to the successful use of this type of cancer 
immunotherapy. 

The most notable obstacle is the complexity of the 
cytokine network itself (see Figure 13-4). This complex- 
ity makes it very difficult to know precisely how inter- 
vention with a given recombinant cytokine will affect 
the production of other cytokines. And since some 
cytokines act antagonistically, it is possible that interven- 
tion with a recombinant cytokine, designed to enhance a 
particular branch of the immune response, may actually 
lead to suppression. In addition, cytokine immunother- 
apy is plagued by difficulties with administering the 
cytokines in a localized fashion. In some cases systemic 
administration of high levels of a given cytokine has 
been shown to lead to serious and even life-threatening 
consequences. Although the results of several experi- 
mental and clinical trials of cytokine therapy for cancer 
are discussed here, it is important to keep in mind that 
this therapeutic approach is still in its infancy. 

Interferons 

Large quantities of purified recombinant preparations of 
the interferons, I FN -a, IFN-/J, and IFN-y, are now avail- 
able, each of which has shown some promise in the treat- 
ment of human cancer. To date, most of the clinical trials - 
have involved IFN-o. Daily injections of recombinant 
IFN-a have been shown to induce partial or complete 
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tumor regression in some patients with hematologic 
malignancies such as leukemias, lymphomas-, and-myelo- 
mas and with solid tumors such as melanoma, Kaposi's 
sarcoma, renal cancer, and breast cancer. 

Interferon-mediated antitumor activity may involve 
several mechanisms. All three types of interferon have 
been shown to increase class 1 JV1HC expression on tu- 
mor cells; IFN-yhas also been shown to increase class II 
MHC expression on macrophages. Given the evidence 
for decreased levels of class 1 MHC molecules on malig- 
nant tumors, the interferons may act by restoring MHC 
expression, thereby increasing CTL activity against tu- 
mors. In addition, the interferons have been shown to 
inhibit cell division of both normal and malignandy 
transformed cells in vitro. It is possible that some of the 
antitumor effects of the interferons are related to this 
ability to direcdy inhibit tumor-cell proliferation. Finally, 
I FN- y increases the activity of Tc cells, macrophages, 
and NK cells, all of which play a role in the immune 
response to tumor cells. 



Tumor Necrosis Factors 

The tumor necrosis factors, TNF-a and TNF-/J, have 
been shown to exhibit direct antitumor activity, killing 
some tumor cells and reducing the rate of proliferation 
of others while sparing normal cells (Figure 24-12). In 
die presence of TNF-a or TNF-/J a tumor undergoes 
visible hemorrhagic necrosis and tumor regression (see 
Figure 15-14a). TNF-a has also been shown to inhibit 
tumor-induced vascularization (angiogenesis) by damag- 
ing the vascular endothelial cells in the vicinity of a 
tumor, thereby decreasing the flow of blood and oxygen 
that is necessary for progressive tumor growth. 

Phase I clinical trials of recombinant TNF-a in cancer 
patients appeared quite promising, and early news stories 
hailed TNF-a as the "cure for cancer." Further evalua- 
tion revealed that although TNF-a holds some promise, 
it is far from being an antitumor wonder drug. Injection 
of TNF-a directly into the tumor has led to complete 
tumor regression in some patients, but not in others. 





FIGURE 24-12 



Photomicrographs of cultured normal melanocytes (top) and of cul- 
tured cancerous melanoma cells (bottom) in the presence and absence 
of rumor necrosis factor a (TNF-a). Note that in the presence of 



TNF-a, the cancer cells stop proliferating, whereas TNF-a has no 
inhibitory effect on proliferation of the normal cells. [From L.J. Old, 
1 988, Sci.Am. 258(S):59.] 
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TNF-a therapy has several limitations: the short half-life 
of TNF-a necessitates frequent injections; and its ad- 
verse side effects include fever, chills, blood-pressure 
changes, and decreased counts of white blood cells. 

In Vitro-Activated LAK and TIL Cells 

Animal studies have shown that lymphocytes - can be 
activated against tumor antigens in vitro by culturing the 
lymphocytes with x-irradiated tumor cells in the pres- 
ence of IL-2 and added tumor antigens. These activated 
lymphocytes mediate more effective tumor destruction 
than untreated lymphocytes when they are reinjected 
into the original tumor-bearing animal. It is difficult, 
however, to activate in vitro enough lymphocytes with 
antitumor specificity to be useful in cancer therapy- 
While sensitizing lymphocytes to tumor antigens by 
this method, S. Rosenberg discovered that in the pres- 
ence of high concentrations of cloned IL-2 and without 
the addition of tumor antigens, large numbers of acti- 
vated lymphoid cells were generated that could kill fresh 
tumor cells but not normal cells. He called these cells 
lymphokine-activated killer (LAK) cells. In one 
study, for example, Rosenberg found that infusion of 
LAK cells plus recombinant IL-2 into tumor-bearing 
animals mediated effective tumor-ceD destruction (Figure 
24-13). LAK cells appear to be a heterogeneous popula- 
tion of lymphoid cells that includes natural killer (NK) 
cells and natural cytotoxic (NC) cells; the relative num- 
bers of the two cell types depend on the source of the 
lymphocytes and the conditions of IL-2 activation. 

Because large numbers of LAK cells can be generated 
in vitro and because these cells are active against a wide 
variety of tumors, their effectiveness in human tumor 
immunotherapy has been evaluated in several clinical tri- 
als. In these trials, peripheral-blood lymphocytes were 
removed from patients with various advanced metastatic 
cancers and were activated in vitro to generate LAK 
cells. Patients were then infused with their autologous 
LAK cells together with IL-2. A trial with 25 patients in 
1985 resulted in cancer regression in some patients. A 
more extensive trial with 222 patients in 1987 resulted in 
complete regression in 16 patients. However, a number 
of undesirable side effects are associated with the high 
levels of IL-2 required for LAK-cell activity. The most 
noteworthy is vascular leak syndrome, which involves 
emigration of lymphoid cells and plasma from the 
peripheral blood into the tissues, leading to shock. 

Tumors contain lymphocytes that have infiltrated the 
tumor and presumably are taking part in an antitu- 
mor response. By taking small biopsy samples of tumors, 
one can obtain a population of these lymphocytes and 
expand it in vitro with IL-2. These activated tumor- 
infiltrating lymphocytes are called TEL cells. Many 
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FIGURE 24-13 



Experimental demonstration of tumor-destroying activity of LAK 
cells plus IL-2. Spleen cells or LAK cells, in the presence or absence 
of recombinant IL-2, were infused into mice with pulmonary sar- 
coma. The animals were evaluated 1 3 days later for the number of 
pulmonary sarcoma metastases. The LAK cells were prepared by iso- 
lating lymphocytes from tumor-bearing animals and incubating them 
in vitro with high concentrations of IL-2. Note that tumor regression 
occurred only when LAK cells and IL-2 were infused. [Data from S. 
Rosenberg et al. T 1988, Ann. Int. Med., 108:853.] 



TIL cells have a wide range of antitumor activity and 
appear to be indistinguishable from LAK cells. However, 
some TIL cells have specific cytolytic activity against 
their autologous tumor. These tumor-specific TIL cells 
are of interest because they have increased antitumor 
activity and require 100-fold lower levels of IL-2 for 
their activity than do LAK cells. In one study TIL cells 
were expanded in vitro from biopsy samples taken from 
patients with malignant melanoma, renal-cell carcinoma, 
and small-cell lung cancer. The expanded TIL cells were 
reinjected into autologous patients together with contin- 
uous infusions of recombinant IL-2. Renal-cell carcino- 
mas and malignant melanomas showed partial regression 
in 29% and 23% of the patients, respectively. 

Monoclonal Antibodies 

Monoclonal antibodies have been used in various ways 
as experimental irnmunotherapeutic agents for cancer. 
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For example, anti-idiotype monoclonal antibodies have 
been used with some success- in treating- human-B-cell 
lymphomas and T-cell leukemias. In one remarkable 
study, R. Levy and his colleagues successfully treated a 
64-year-old man with tenriinal B-cell lymphoma. At 
the time of treatment the lymphoma had metastasized to 
the liver, spleen, bone marrow, and peripheral blood. Be- 
cause this was a B-cell cancer the membrane-bound 
antibody on all the cancerous cells had the same idio- 
type. By the procedure outlined in Figure 24-14, these 
researchers produced mouse monoclonal antibody spe- 
cific for the B-lymphoma idiotype. When this mouse 
monoclonal anti-idiotype antibody was injected into the 
patient, it bound specifically to the B-lymphoma cells 



because" these cells expressed that particular idiotype. 
Since B-lymphoma cells are susceptible to complement- 
mediated lysis, the monoclonal antibody activated the 
complement system and lysed the lymphoma cells with- 
out harming other cells. After four injections with this 
anti-idiotype monoclonal antibody, the tumors began to 
shrink, and as of the last report this patient has been in 
complete remission. 

Monoclonal antibodies also have been used to prepare 
tumor-specific im munot oxin s . These agents consist of 
the inhibitor chain of a toxin (e.g., diphtheria toxin) 
linked to an antibody against a tumor-specific or tumor- 
associated antigen (see Figure 5-23). In vitro studies have 
demonstrated that these "magic bullets" can kill tumor 




FIGURE 24-14 

Treatment of B-cell lymphoma with monoclonal antibody specific (or 
idiotypic determinants on the cancer cells. Because all the lymphoma 
cells are derived from a single transformed B cell, they all express 
membrane-bound an ri body (Ab-l) with the same idiotype (i.e., the 
same antigenic specificity). In the procedure illustrated, monoclonal 



anti-idiotype antibody (Ab-2) against the B- lymphoma membrane- 
bound antibody was produced (steps 1—4). When this anti-idiotype 
antibody was injected into the patient (step 5), it bound selectively to 
B-rymphoma cells, which then were susceptible to complement-plus- 
antibody lysis. 
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cells without harming normal cells. Immimotoxins spe- 
cific for rumor antigens in a variety of cancers (e.g., 
melanoma, colorectal carcinoma, metastatic breast carci- 
noma, and various lymphomas and leukemias) have" been 
evaluated in phase I or phase II clinical trials. In eight 
separate trials, 12% -75% of leukemia and lymphoma 
patients exhibited partial or complete remission. In con- 
trast, the clinical responses in patients with larger tumor 
masses were disappointing. In these patients, the tumor 
mass may render most of the tumor cells inaccessible to 
the irnmunotoxin. 

Another cancer immunotherapy involves using mono- 
clonal antibodies to bridge activated T cells directly to a 
tumor. In this approach two different monoclonal anti- 
bodies are produced: one specific for a tumor-cell mem- 
brane molecule and one specific for the CD3 membrane 
molecule of the TCR complex. A hybrid monoclonal 
antibody, or heteroconjugate, is then prepared with spe- 
cificity for the tumor antigen and for CD3 (see Figure 
5-25d). In vitro experiments with these heteroconju- 
gates have revealed that they are able to cross-link and 
activate T cells directly on the surface of the tumor cell. 

The finding that a variety of tumors express signifi- 
candy increased levels of growth-factor receptors sug- 
gests that treatment with monoclonal antibodies against 
these receptors might inhibit tumor-cell activity. Mono- 
clonal antibodies to the EGF receptor, to the p97 (trans- 
ferrin) receptor, and to the IL-2 receptor have each been 
produced. In one study hundreds of mice with a lethal 
tumor were treated with chemotherapy alone or with 
chemotherapy plus monoclonal antibody to the EGF 
receptor. Chemotherapy alone failed to slow tumor 
growth in these mice, but every mouse that received the 
combined therapy recovered fully and the tumor did not 
recur following treatment. In a phase I clinical trial at 
Memorial Sloan-Kettering Cancer Center, patients with 
squamous-cell lung carcinoma are being treated with 
monoclonal antibody to EGF receptor.The results of this 
trial have not yet been published. 

Tumor-Ceil Vaccines 

In a novel approach to developing tumor vaccines, a 
patients own tumor cells are killed by x-irradiation, 
mixed with BCG, and reinjected into the patient. One 
woman treated in this way had been diagnosed with 
advanced malignant melanoma with literally hundreds of 
tumors on her right leg. Within 7 weeks after receiving 
this experimental vaccine, the tumors in her leg had dis- 
appeared, and the woman was still alive more than 3 
years after treatment. Recent reports indicate that about 
25% of patients with malignant melanoma have'shown 
complete or partial remission after treatment with killed 
autologous tumor cells plus BCG. 



SUMMARY 



It Tumof^cells differ from" normal ~cells"in liumerqus 
ways. In particular, changes in growth regulation in 
tumor cells allow them to proliferate indefinitely, then 
invade the underlying tissue, and eventually metasta- 
size to other tissues (see Figure 24-1). Normal cells 
can be transformed in vitro by chemical and physical 
carcinogens and by transforming viruses. Transformed 
cells exhibit altered growth properties and are some- 
times capable of inducing cancer when they are 
injected into anirnals. 

2. Proto-oncogenes encode proteins involved in control 
of cellular growth. It seems likely that conversion of a 
proto-oncogene to an oncogene may be involved in 
the induction of some kinds of cancer. This conver- 
sion may result from mutation in an oncogene, or its 
translocation or amplification (see Figure 24-2). A 
study of transformed cells has revealed the important 
role of cellular and viral oncogenes in the transforma- 
tion process. 

3. A number of B- andT-cell leukemias and lymphomas 
are associated with translocated proto-oncogenes. 
In its new site the translocated gene may come under 
the influence of an enhancer and be transcribed at 
higher levels than usual, or it may be subject to alter- 
ation by somatic mutation. 

4. Tumor cells display tumor-specific antigens and the 
more comon tumor-associated antigens. Among the 
latter are oncofetal antigens, and increased levels of 
oncogene products. Several tumor-associated antigens 
expressed by melanoma cells are shared by other 
tumors; these common antigens might be useful 
clinically. 

5. The immune response to tumors includes CTL-medi- 
ated lysis, NK-cell activity, macroph age-mediated 
tumor destruction, and destruction mediated by 
ADCC. Several cytotoxic factors, including TNF-a 
and TNF-A help to mediate tumor-cell killing. 
Tumors may evade the immune response by modulat- 
ing their tumor antigens, by reducing their expression 
of class 1 MHC molecules, and by antibody-mediated 
or immune-complex-mediated inhibition of CTL 
activity. 

6. Experimental cancer immunotherapy has taken a vari- 
ety of approaches. Enhancement of the co-stimulatory 
signal required forT-cell activation and of the activity 
of antigen-presenting cells has been achieved with 
transfected melanoma cells, leading to tumor destruc- 
tion in experimental animals (see Figure 24-11). In 
some cases, injections of cytokines such as IFN-a and 
TNF-a have been shown to have beneficial effects. In 
another approach lymphocytes are activated in vitro 
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with high concentrations of IL-2, thereby inducing 
LAK cells or TIL cells with antitumor activity. 
Infusions of LAK cells plus IL-2 have reduced tumor 
development in experimental animals (see Figure 24- 
13). Some promising clinical results have been ob- 
tained in treating B-cell lymphomas and T-cell leu- 
kemias with monoclonal anti-idiotype antibodies (see 
Figure 24-14). Monoclonal antibodies specific for 
tumor antigens also have been used to produce 
immunotoxins. Vaccines of killed autologous tumor 
cells mixed with BCG have been somewhat effective 
in treatment of malignant melanomas. 
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STUDY QUESTIONS 



1. Indicate whether each of the following statements is 
true or false. If you think a statement is false, explain why. 

a. Hereditary retinoblastoma results from overexpres- 
sion of a cellular oncogene. 

b. Translocation of c-myc gene is found in many 
patients with Burkitt's lymphoma. 

c. Multiple copies of cellular oncogenes are sometimes . 
observed in cancer cells. 

d. Viral integration into the cellular genome may 
convert a proto-oncogene into a transforming 
oncogene. 

e. All oncogenic retroviruses carry viral oncogenes. 

f. The immune response against a virus-induced 
tumor protects against another tumor induced by 
the same virus. 

g. LAK cells are tumor specific. 

2. You are a clinical immunologist studying acute lym- 
phoblastic leukemia (ALL). Leukemic cells from most 
patients with ALL have the morphology of lymphocytes 
but do not express cell-surface markers characteristic of 
mature B or T cells. You have isolated cells from ALL 
patients that do not express membrane Ig but do react 
with monoclonal antibody against a normal pre-B cell 

_marker (B-200). You therefore suspect that these leu- 
kemic cells are pre-B cells. How would you confirm that 
the leukemic cells are committed to the B-cell lineage by 
means of genetic analysis? 

3. In a recent experiment melanoma cells were isolated 
from patients with early or advanced stages of malignant 
melanoma. At the same time T cells specific for tetanus 
toxoid antigen were isolated and cloned from each patient, 
a. When early-stage melanoma cells were cultured 

together with tetanus toxoid antigen and the teta- 
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nus toxoid-speci6c T-cell clones, the T-cell clones 
were observed to proliferate. This proliferation was 
blocked by addition of cWoroojjtine or by addition 
of monoclonal antibody to HLA-DR. Proliferation 
was not blocked by addition of monoclonal antibody 
to HLA-A, -B, -DQ, or -DP. What might these 
findings indicate about the early-stage melanoma 
cells in this experimental system? 

b. When the same experiment was repeated with 
advanced -stage melanoma cells, the tetanus toxoid 
T-ceU clones failed to proliferate in response to the 
tetanus toxoid antigen. What might this indicate 
about advanced-stage melanoma cells? 

c. When early and advanced malignant melanoma cells 
were fixed with paraformaldehyde and incubated 
with processed tetanus toxoid, only the early-stage 
melanoma cells could induce proliferation of the 



tetanus toxoid T-cell clones. What might this indi- 
cate about early-stage melanoma cells? 

. cL How might you confirin^ your hypothesis experi- 
mentally? 

4. What are three likely sources of tumor antigens? 

5. Various cytokines have been evaluated for use in 
tumor immunotherapy. Describe four mechanisms by 
which cytokines mediate antitumor effects and the cyto- 
kines that induce each type of effect. 

6. Infusion of transfected melanoma cells into cancer 
patients is a promising immunotherapy. 

a. Which two genes have been transfected into mela- 
noma cells for this purpose? What is the rationale 
behind use of each of these genes? 

b. Why might use of such transfected melanoma cells 
also be effective in treating other types of cancers? 



REVIEW ARTICLE 



Leukemia: Management of Relapse After Allogeneic 
Bone Marrow Transplantation 

By Lalit Kumar 



Purpose : To review the current state of knowledge 
regarding the management of leukemic relapse after al- 
logeneic bone marrow transplantation (BMT). 

Patients and Methods : The literature was analyzed 
using MEDLINE (National Library of Medicine, Bethesda, 
MD) and reports were identified through review of report 
bibliographies. Pertinent studies were selected and data 
synthesized into a review format. 

Results : Leukemic relapse after allogeneic BMT is an 
important cause of treatment failure. The risk of leukemic 
relapse varies from 20% to 60% depending on the diag- 
nosis and phase of disease. Reinduction chemotherapy 
(Ct), second BMT, interferon (IFN) a If a, and donor leuko- 
cyte infusions are various options, but none of the ap- 
proaches is clearly optimal. Approximately 50% of acute 
myeloid leukemia (AML) and acute lymphoblastic leuke- 
mia (ALL) patients achieve remission after standard in- 
duction CT. However, most patients finally relapse and 
die of uncontrolled leukemia. Second BMT is successful 
in 20% to 25% patients and is a reasonable option in 
patients who relapse more than 6 months after the initial 

ALLOGENEIC bone marrow transplantation (BMT) 
results in long-term disease-free survival (DFS) in 
patients with chronic myeloid leukemia (CML) in chronic 
phase, acute myeloid leukemia (AML), and acute lym- 
phoblastic leukemia (ALL). Leukemic relapse after BMT 
is an important cause of treatment failure. The actuarial 
probability of relapse varies according to the phase of 
disease at the time of transplant. In patients transplanted 
-, d^iMgvremission from acute leukemia or during chronic- 
phase CML, the risk of relapse is less than 30%. 13 In 
contrast, the risk of relapse is high, 40% to 60%, for 
patients with advanced leukemia or those receiving T- 
cell -depleted donor marrow transplants. 4 Leukemia re- 
currence usually occurs within 2 years of BMT. 5 In CML, 
relapse generally occurs as a second chronic phase. How- 
ever, an occasional patient may relapse directly into blast 
crisis without an identifiable period of chronic-phase he- 
rn atopoiesis. 6 
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transplant. Young patients with a good performance sta- 
tus and those in remission from initial transplant relapse 
have a better outcome after second BMT. Venoocclusive 
disease (VOD), interstitial pneumonitis (IP), and acute 
graft-versus-host disease (GVHD) are the main complica- 
tions. Therapy with IFN alfa results in cytogenetic com- 
plete remission (CR) in 10% to 25% patients with chronic 
myeloid leukemia (CML). The initial results of leukocyte 
infusions from the original donor are promising. How- 
ever, acute GVHD and bone marrow aplasia are associ- 
ated complications. The correct dose and schedule of do- 
nor leukocyte infusions need to be determined in future 
studies to minimize GVHD while maintaining the graft- 
versus-leukemia (GVL) effect. 

Conclusion : Identification of patients at increased risk 
for relapse and use of biologic response modifiers post- 
transplant to augment the GVL effect in such patients are 
possible areas of improvement for future studies. 

J Clin Oncol 12:1710-1717. © 1994 by American So- 
ciety of Clinical Oncology. 



PATIENTS AND METHODS 

Diagnosis 

The diagnosis of relapse after BMT is not always straightforward. 
In some cases, the clinical, hematologic, and cytogenetic features of 
relapse are obvious. In CML patients, post-BMT cytogenetic studies 
have shown that the presence of Philadelphia chromosome (Pre- 
positive metaphases in a proportion of bone marrow cells are not 
infrequent 7 These are usually observed within 100 days of BMT 
and are considered a residual of mature recipient cells that survived 
the transplant conditioning regimen. In a small proportion of these 
patients, the Ph-positive metaphases in the marrow may be detected 
later. Persistent or increasing proportions of Ph-positive metaphases 
in serial cytogenetics are associated with an increased risk of relapse. 
Sporadic Ph-positive metaphases (found in low percentages and not 
seen in repeated karyotypes) are not related to imminent relapse. 7,8 
In a study reported by Offit et al, 9 the presence of more than 25% 
Ph-positive metaphases and a condition of mixed chimerism was 
associated with an increased risk of hematologic relapse. 

Information regarding the predictive value of post-BMT cytoge- 
netics in acute leukemia is limited. Approximately 10% to 15% of 
ALL and 25% to 30% of AML patients have a specific chromosome 
translocation and, in most of these, the precise break points are not 
yet well characterized. 10 

Recently, the polymerase chain reaction (PCR) technique has been 
used after BMT/chemotherapy (CT) to detect residual leukemia cells 
and to predict impending relapse in Ph-posidve CML and ALL, 11 ' 13 
in B- and T-cell ALL, 14,15 in AML type M2 with t(8;21), 16 in AML 
type M3 with t(15; 17), 17 and in follicular lymphomas with t(14; 1 8). 18 
CML has been studied most extensively. 11 " 12 * 19 These studies have 
shown that BCR-ABL fusion messages often persists in CML pa- 
tients after BMT. The prognostic value of this finding is less clear; 
only some patients who are PCR-positive after BMT progress to 
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clinical relapse. It has been suggested that patients with sustained 
PCR positivity more than 6 months after BMT have a higher proba- 
bility of relapse than in patients who are PCR-negative. I9 The quanti- 
tative PCR assay used more recently aids assessment of the prolifera- 
tion of residual leukemia cells and may thus allow early detection 
of impending relapse. 20 - 21 

Treatment 

Treatment of patients who relapse after allogeneic BMT is diffi- 
cult. Conventional CT, second BMT, interferon (IFN) alfa, and donor 
leukocyte infusions from original bone marrow donors are various 
therapeutic options. 

CT In AML patients who relapse after BMT, the standard in- 
duction CT with cytarabine and anthracycline results in a complete 
remission (CR) rate of approximately 35%. Time from BMT to 
relapse is the most important predictor of response to reinduction 
CT. Patients who relapse within 100 days of BMT are unlikely to 
obtain a meaningful remission and have a high treatment-related 
mortality rate. 22 

Results of reinduction CT in ALL patients have been reported in 
three studies. 22 * 24 The CR rate is approximately 50%. However, most 
patients finally relapse and die of uncontrolled leukemia, with the 
3-year DFS rate being less than 10%. Pauents with a long interval 
between BMT and relapse (>1 year) and those with isolated extra- 
medullary relapse have a better outcome. 

Radich et a] 25 from Seattle have recently updated the results of 
treatment in 77 patients who relapsed after BMT. Sixty patients received 
standard CT, which resulted in remission for nine patients with acute 
leukemia and reinduction to chronic phase in six patients with CML. 25 
Frassoni et al 26 for the European Bone Marrow Transplant Group 
(EBMTG) have reported the results of induction CT in 74 patients with 
acute leukemia. Thirty-two patients (43%) achieved a CR, with a me- 
dian DFS duration of 12 months. Four patients (two with AML and 
two with ALL) were in continuous CR between 27 and 60 months 
after the relapse at the time of reporting. For patients who achieved 
remission, the actuarial probability of survival was 12.5% with a 3- 
year follow-ap. This was significantly better than for patients who were 
not treated or did not achieve remission (8%), P < .001. 26 

Second BMT. The results of second BMT have been reported 
- n 3 ?" I ?^ I - of studi es 27 37 (Table 1). Most patients in these studies 
had^eceived cyclophosphamide and total-body irradiation (Cy-TBI) 
for preparation and T-cell -depleted donor marrow to prevent acute 
graft-versus-host disease (G VHD). Various regimens used for prepa- 
ration before second BMT include the following: busulfan-Cy (Bu- 
Cy); Cy-TBI; Bu plus etoposide (VP- 16) plus Cy; Bu + melphalan, 
Bu alone, and mitoxantrone plus VP- 16 plus total -lymphoid irradia- 
tion. The choice of the preparatory regimen thus depends on the 
agents used before first BMT so as to avoid cumulative toxicity. 
Therefore, for most patients who have received cyclo-TBI before 
first transplant, Bu-Cy or Bu plus VP- 16 plus Cy have been used 
and vice versa. Significant toxicity to preparatory regimens has been 
observed in most of these studies. Recently, it has been suggested 
that toxicity of the Bu-Cy regimen may be reduced by Cy elimination 
in selected patients whose lymphocytes are of donor origin. 333 * 
Whether such an approach would be without an increased risk of 
relapse needs confirmation. Cullis et al 33 used high-dose Bu aione 
for conditioning before second BMT in eight CML patients. Three 
patients died: two of transplant-related complications and one of 
relapse. The remaining five patients are alive and disease-free. 33 

RESULTS 

Second BMT 

More than 200 patients with acute and-ehronic leukemia 
have received a second BMT in the past 8 years. Bone 



marrow from the original donor and acute GVHD prophy- 
laxis similar to first BMT were used in most patients. 

The Seattle group recendy reported the results of sec- 
ond BMT in 77 patients (CML, n = 28; AML, n = 32; 
ALL, n = 15; and lymphoma, n = 2). High-dose Bu-Cy 
or Cy plus carrnustine (BCNU) plus VP-16 was used for 
preparation before second transplant. Engraftment oc- 
curred in 74 patients, The estimated DFS rates at 3 years 
are 8%, 10%, and 25% for ALL, AML, and CML, respec- 
tively. 25 The Baltimore group transplanted 23 patients 
with recurrent leukemia after initial syngeneic (n = 3) or 
allogeneic (n = 20) BMT. The preparatory regimen be- 
fore second BMT consisted of Bu-Cy in 14 patients and 
Cy-TBI in nine. Twelve patients died, eight before day 
100. At a median follow-up duration of 2 years after 
second BMT, the overall survival, leukemia-free survival 
(LFS), and probability of remaining in remission at 26 
months were 47%, 38%, and 76%, respectively. The out- 
come was better in patients with CML (seven of 12, 58% 
survivors) compared with acute leukemia patients (four 
of 11, 36% survivors). 34 Similar results have been re- 
ported from Hammersmith Hospital in London. Sixteen 
CML patients received second BMT following relapse 
after T-cell -depleted marrow transplant. Eight patients 
achieved LFS ranging from 158 to 1,789 days (median, 
424 d). The actuarial probability of survival and LFS at 
4 years are 41% and 49%, respectively. Six patients died 
of transplant-related complications. 33 The results obtained 
in these and other single-center studies have been con- 
firmed by two recent multicenter studies. 32 * 35 

In the EBMTG study, 90 patients with AML (n = 
41), ALL (n = 13), and CML (n = 27) received second 
transplant. Forty-three patients were either in remission 
from acute leukemia or in the chronic phase of CML, 
and 47 were in continuing relapse from leukemia or in 
accelerated-phase/blast crisis of CML at the time of sec- 
ond BMT. Seventy patients died: 37 of early transplant- 
related toxicity and 23 of relapse or failure to eradicate 
leukemia. There were 20 survivors. Thus, at a 3-year 
follow-up duration, the actuarial probabilities of LFS and 
relapse were 11% and 69%, respectively. 32 Similarly, in 
the International Bone Marrow Transplant Registry 
(IBMTR) study, among 1 14 patients (AML, n = 46, ALL, 
n = 29; and CML, n = 39) who received second BMT, 
the 2-year probabilities of LFS and relapse were 21% and 
65%, respectively. 35 

Factors That Affect the Outcome of Second Transplant 

Interval between first and second transplant. The in- 
terval between first and second transplant is an important 
factor in determining the outcome of a second transplant. 
In the EBMTG study, the LFS rate was 9% in patients 
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Table 1 . Results of Second BMT 



First Author, Yeor 


No of 

Patients 


Leukemia Type 


Disease Status at Second BMT (no.) 


Outcome 


Survival (months) 


Atkinson, 1986 28 


9 


AMI (5) 


R (5/5) 


uk «j/ — aiea 


O, • "y T + U.O, U.O 






ALL(l) 


R 


2 

CR 


, 






CML (1 } 


AP 


CR 


36 + 






pnf AL {1 ) 




— died 


3 


Barrett, 1 991 32 




AM (1 ) 


K 


— died 


0.5 


90 


AML (41) 


NG 


1 PC A / A1 
LTO A/ A I 


29.1-/9.9+ 






ALL (19) 




3/19 


27.0-71.2+ 






CML (27) 




6/27 


29.6-49.0+ 






MDS (1) 








Cutlis, 1 992 33 




Lym (2) 








16 


CML (16) 


rp mi 

ur 1 1 




5.0-59.6+ 


Wagner, 1992 34 






AP (3) 






23 


CML {1 2) 


UK (6) 


7/12 (58%) 


3.8-1 10.5+ M-23.8 + 








AP (6) 










AML (7) 


(~P IA\ 
UK (4J 


2/7 


8.9+, 60.5+ 








R (3) 


Died 5/7 


0.7-16.2, M l. 8 






Alt Ml 


UK IJJ 


2/4 


37.6+, 89.5+ 








D (It 

K (1 ) 


Died- 2 


1/ 3 


1 1 4 


AML (46) 


NG 


34%* 


2%t 






ALL (29) 












CML (39) 


f~P ( 1 0\ 

u" ( 1 r) 


37% at 2 years 
















5pinolo, 1992 3 * 


1 7 


AMI l*»l 


CR (1) 


LFS 1/5 


37+ 








R (4) 


Died 4/5 


1 .8-1 7 












M-7.2 






ALL (8) 


CR (7) 


2/8 


55+, 61.5+ 








R(U 


Died 6/8 


0.9-14.6 












M-9.9 






CML (3) 


CP(1) 












BC (2) 


Died 3/3 


0.3, 3.8, 23.7 






Lym(l) 


R 


Died 


4.6 


Hashlirt&ro, 1 992 37 


8 


ALL (3) 


NG 


3/8 


8-27+ 






AML (3) 




Died 4/8 of VOD 








CML(l) 












RAEB(l) 








Rodich, 1993 25 


77 


CML (28) 


CP (6), AP/BC (22) 


LFS 7 


22-78+ M-35.5 






AML (32) 


CR (6), R (26) 


4 


26-88+ M-51 






ALL (9) 


CR (2), R (6) 


0 








ALL (8) 


CR(1), R(7) 


2 


25+, 39+ 



Abbreviations: CP, chronic phase; AP 
Follow-up; M, median; RAEBT, refractory 
Lym, lymphoma; AM, acute myelofibrosis, 

"Acute leukemia irt remission. 

tAcute leukemia not in remission. 



accelerated phase; CR, complete remission; R, relapse; LPS, leukemia-free survival,^>4G, details not given, FU, 
anemia with excess blasts in transformation; MDS, myelodysplastic syndrome; Ly-Ly, lymphoblastic lymphoma; 
: VOD, venoocfusive disease. 



with an interval of less than 566 days between first and 
second transplant, compared with 36% in patients with 
an interval more than 566 days between first and second 
BMT. 32 Similarly, in the IBMT^ study, the probabilities 
of LFS and relapse were 7% and 77% in patients who 
relapsed within 6 months of first BMT compared with 
28% and 59% in patients who \relapsed more than 6 
months after first BMT (P < .00CI2). 35 

Treatment-related mortality is also higher in patients 
who relapse early posttransplant. For example, in the 



IBMTR study, it was 90% in patients who relapsed within 
6 months of initial BMT. This was significantly less in 
patients who relapsed within 6 to 12 months (38%) 
and beyond 12 months (33%) of initial transplant 
(P < .00 1). 35 

The poor outcome from second BMT in patients who 
relapse within 6 months of first BMT is possibly due to 
poor performance status, higher toxicity with venoocclu- 
sive disease (VOD), and interstitial pneumonitis (BP; dis- 
cussed later). Thus, at present, it seems reasonable to 
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delay second BMT until more than 6 months after the 
first transplant have elapsed. 

Treatment-related toxicity. The risk of preparative 
regimen-related toxicities, mainly VOD and IP, is higher 
after the second than after the first transplant. 25 * 35 * 36 In a 
recent study from Seattle, among 77 patients, 64% devel- 
oped VOD (grade I/O, 36%; IU/TV, 26%) after second 
BMT. None of the patients with severe VOD survived. 25 
The management of established severe VOD is largely 
unsatisfactory. Recent efforts have therefore been di- 
rected toward prevention of VOD by using the drugs 
to interrupt the coagulation cascade or to diminish the 
influence of factors that favor thrombogenesis. These in- 
clude prophylactic use of heparin, prostaglandin Ei, and 
recombinant tissue plasminogen factor (r-TPA), and oral 
administration pentoxifylline, a tumor necrosis factor- 
alpha (TNF-a) blocker. The use of pentoxifylline and r- 
TPA in phase I/II trials has shown promise in lessening 
VOD. 38,39 Prospective randomized studies are in progress 
to expand these preliminary results. 

Similar to the IBMTR study, the incidence of severe 
IP in the Seattle study was higher after second than after 
first BMT: 17% versus 4%. Other pulmonary complica- 
tions were also more common after second BMT. 25 The 
prophylactic use of ganciclovir may be a reasonable ap- 
proach to reduce the risk of IP in such high-risk cytomeg- 
alovirus-(CMV)-positive recipients. 40 

Disease status before second transplant. Patients in 
remission from acute leukemia at the time of second BMT 
have a better LFS rate compared with those who are not 
in remission. 26 It has been suggested that CML patients 
whg are in chronic phase before second BMT have a 
bpttef -outcome than patients who are in accelerated phase 
or blast crisis. 25 * 26 * 32 However, in the recent IBMTR study, 
there was no difference in relapse risk between patients 
who received second transplant in chronic phase versus 
accelerated or blastic phase. LFS was also similar whether 
CML was in chronic, accelerated, or blastic phase before 
second BMT. 35 

GVHD. The incidence and severity of acute and 
chronic GVHD after second transplant are generally simi- 
lar to that seen after first transplant. In the study by the 
Baltimore group, six of 23 patients with grade I acute 
GVHD after first BMT also developed acute GVHD after 
second BMT: grade I in five patients and grade II in one. 
In the remaining 17 patients, .who had no evidence of 
acute GVHD after first BMT, only one developed grade 
H GVHD after second BMT. 34 m the EBMTR study, the 
incidence of acute GVHD after second BMT for the 
whole group was similar for the gatients with or without 
acute GVHD after first BMT. Cfeonic GVHD occurred 
in 20% of patients after first BMTland in 21% patients 
who survived for longer than 90 days^er second BMT. 35 



One approach to GVHD prophylaxis after second BMT 
may be selective T-cell depletion of donor marrow fol- 
lowed by post-BMT administration of interleukin-2 (IL- 
2). 41 IL-2 potently activates T lymphocytes and natural- 
killer cells, both of which are thought to play a role in 
the graft-versus-leukernia (GVL) effect. 42 

I FN Alfa 

The beneficial effects of IFN alfa against the Ph-posi- 
tive clone have been well documented in chronic-phase 
CML patients before BMT. 43 A number of studies have 
reported the use of IFN alfa in CML patients for treatment 
of post-BMT relapse 44 " 49 (Table 2). Arcese et al 46 treated 
20 CML patients with hematologic or cytogenetic relapse 
after T-cell -depleted BMT. All five patients with hema- 
tologic relapse obtained hematologic remission without 
reduction of marrow Ph-positive cells. Of 15 patients with 
cytogenetic relapse, two achieved cytogenetic CR. Both 
complete cytogenetic responders are alive at 67 and 76+ 
months from relapse. The Seattle group treated 1 8 CML 
patients with hematologic relapse. 48 Six patients (33%) 
achieved cytogenetic CR. The median time to achieve 
response was 3 months (range, 1 to 18), and the median 
duration of response was 13+ months (range, 6+ to 20+). 
Similar results have been reported recently by the French 
group. 49 Among 28 CML patients treated for hematologic 
(n - 19) or cytogenetic (n = 9) relapse, seven (25%) 
achieved cytogenetic CR (Table 2). 

More recently, Arcese et al 50 for the EBMTG have 
reported the results of IFN alfa treatment for post-BMT 
relapse. Among 28 patients with hematologic relapse, 
seven (25%) achieved cytogenetic CR, as compared with 
four of 24 patients with cytogenetic relapse. IFN therapy 
significantly delayed the progression toward hematologic 
relapse. The delayed progression to hematologic disease 
increased the probability of survival, which was signifi- 
cantly higher at 2 years for patients treated with IFN at 
the time of cytogenetic relapse than for patients who never 
received IFN or for those treated at hematologic progres- 
sion. However, IFN failed to cure the patients. Most later 
progressed to more advanced disease and died. IFN alfa 
was administered at doses of 3 to 5 X 10 6 IU/m 2 daily 
or on alternate days in these studies 44 " 47 * 49 ; higher doses 
were associated with significant toxicity in the Seattle 
study 48 

Thus, IFN alfa therapy results in hematologic response 
in most, and cytogenetic CR in 10% to 25% of CML 
patients with relapse. However, its impact on long-term 
survival is not yet known. 

. The mechanisms by which IFN inhibits leukemic cell 
growth remain ill -defined. Data suggest that IFN increases 
the expression of major histocomparjbiliry antigens, which 
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Table 2. IFN Alfa Therapy for CML Relapse 



Author, First Year 



Newland, 1987^ 
Borgies, 1989* 5 
Arcese, 1991"* 



Steegmann, .1991* 
Higano, 1992* 8 
Pigneux, 1 992* 9 



No. of Potients 



1 
1 

20 



1 

18 
28 



Retapse Type [no.) 



HR 
HR 

HR (5) 
Cyt. R(15) 



HR 
HR 

HR (19) 
Cyt. R(9). 



Response 



Ph~ 
Ph" 

5/5 H. remission, Ph + 

2 PrT 
10 HR 

3 H remission 
PrT 

6/18 Ph" 
4/19 Ph~ 
3/9 Ph" 



Abbreviations: HR, hematologic relapse; Cyt. R, cytogenetic relapse; NG, not given; H remission, hematologic remission. 



Survival (months) 



15+ 
15+ 

67 and 76+ 



14+ 
NG 



NG 



may facilitate recognition and suppression of leukemia host 
cells by donor lymphocytes. Direct cytotoxic effect/differenti- 
ation of leukemic cells is another possibility. 51 

Three studies have used IFN therapy prophylactically 
after allogeneic BMT. Meyers et al 52 from Seattle admin- 
istered IFN alfa to ALL patients after allogeneic BMT 
with the intent to decrease the incidence of CMV infec- 
tion. Although the CMV infection rate was not influenced 
by IFN, patients in the IFN-treated group had a signifi- 
cantly lower relapse rate (50% v 25%). Klingemann et 
al, 5i in a phase I study, administered IFN alfa-2b to autol- 
ogous or allogeneic BMT patients once stable engraftment 
was achieved. The daily tolerated dose of IFN was much 
lower (1 X 10 6 IU/m 2 /d) compared with earlier studies in 
relapsed patients. In a recent EBMTG study, 53 IFN alfa- 
26 Avias administered to six patients with advanced CML. 
' In four, patients, IFN treatment was continued until day 
^63'affer BMT. In two patients, treatment was discon- 
tinued because of fever and bone pain. None of six pa- 
tients developed de novo acute GVHD. Three patients 
died: two of relapse and one of . infection. The results of 
these preliminary studies confirm the feasibility of IFN 
alfa treatment as soon as stable engraftment is achieved. 

Donor Leukocyte Infusions 

Infusion of donor leukocytes has been used previously 
in leukemia therapy. Sullivan et al 54 transfused donor 
leukocytes to patients with advanced acute leukemia 
shortly after BMT in an attempt to reduce the risk of 
relapse. However, the recipients of this therapy had re- 
lapse rates similar to those of controls and had more acute 
GVHD and reduced survival, kolb et al 55 in 1990 first 
reported successful treatment of three CML patients with 
hematologic relapse using IFN alfa and infusion of viable 
buffy-coat cells from donor marrow, but no additional 
CT. All three patients achieved hematologic and cytoge- 
netic CR lasting from 32 to 91 weeks' posttreatment at 
the time of reporting. Two patients- developed grade II 



GVHD, which resolved with immunosuppressive treat- 
ment. Cuius et al 56 treated two patients in cytogenetic 
relapse after T-cell- depleted allogeneic BMT with infu- 
sions of viable donor buffy-coat cells, but without IFN 
or additional CT. Both patients achieved cytogenetic re- 
mission confirmed by PCR studies. Subsequently, more 
patients have been treated by donor leukocyte infusions 
(Table 3). 5763 Bar et al 62 treated five CML patients in 
hematologic relapse. All five patients achieved cytoge- 
netic CR, with PCR remission in four. A sixth patient in 
cytogenetic relapse did not respond. Similar results have 
been reported more recently by Drobyski et al. 63 In this 
study, eight CML patients received a T-cell dose of 2.5 
to 5 X 10 8 /kg for hematologic relapse (six accelerated 
phase and two blast crisis). Seven patients developed 
acute GVHD, which was grade I in five patients and grade 
HI/IV in two. Four patients had bone marrow aplasia that 
required bone marrow boosts from the original donor 
in three. All six patients in accelerated phase achieved 
complete Ph negativity, with PCR negativity in five. Both 
patients in blast crisis died: one of GVHD and one of 
progressive disease. 

Kolb et al 64 for the EBMTG reported the results of 
donor buffy-coat infusions in 56 patients treated in 18 
European centers. Forty patients were treated for recur- 
rent CML and 16 patients for acute leukemia, lymphoma, 
multiple myeloma, osteomyelofibrosis, and myelodys- 
plastic syndrome. IFN alfa was administered concomi- 
tantly to 46 patients. Seventy percent of patients (36 of 
56) achieved CR; 30 of 46 patients given IFN alfa re- 
sponded, as compared with seven of 10 patients not given 
IFN. Fifty percent of patients (28 of 56) developed clini- 
cal signs of GVHD, but pancytopenia was frequent in 
patients who responded. 

How donor leukocyte infusions eradicate the leukemic 
clone is not entirely clear. It has been suggested that 
infusion of allogeneic T cells either mediates a direct 
cytotoxic effect against host hemopoietic cells or indi- 
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Table 3. Results of Donor Leukocyte Infusions for Leukemia Relapse 



Firs) Author, Year 



No. of Patients 



Leukemia Type (no.) 



Relapse Type (no.) 



AGVHD 
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Outcome 



Kolb, 1990 55 ! 
Cullis, 1992 56 
Frassoni, 1992 57 ! 


3 
2 
10 


CML (3) 
CML (2) 
CML (7) 


HR 

Cyt. R 
HR 


2/3 Gr. 11 
4/7 Gr. 1 


3/3 Ph" 

2/2 Ph~ (2/2 PCR") 
3 Ph\ 2 Ph" 


Lonnqvist, 
1992 58 t 

Helg, 1992 59 


4 
3 


MM{1) 
AMt(2)t 
CML (3) 

FVU) 
CML (3) 


NG 
HR 

HR (2) 


1 I A Clr 1 

• / ** Or. i 

3/3 Gr. NG 


2 died of BMA 

1 died of BMA 

2 Ph~ 
1 Ph+ 
NR 

3/3 Ph" 


Novotny, 1 992*°t 


6 


CML (6) 


Cyt.R(l) 
HR 


NG 


2 Pb" 


Szer, 1993 6 ' 


4 


AML 


HR 


3/4 

Gr. II 2/4 


3 died of BMA ' 
ICR 

3 died of leukemia 


Bar, 1993" 


6 


CML (6) 


HR (5} 


1/4 Gr. Ill 
3/6 Gr. IIHV 


1 NR 
5/5 Ph- 


Drobyski, 1993 63 t 


8 


CML (8) 


Cyt. R(1) 
HR (8) 


5Gr. 1 
2 Gr. III-IV 


(4/5 PCR") 
1 NR 
6 Ph" 
(5/6 PCR") 
4 BMA 


Totaf 


46 


CML (38) 

AL (6[4]J* 

MM(1) 

PV(U 


HR (34) 
Cyt.R (4) 

HR (4) 




25 Ph" 
7 Ph + 
6 died 

CR(1), NR(3) 

NR 

NR 



Abbreviations: HR, hematologic relapse; Cyt. R, cytogenetic relapse; AGVHD, acute graft-versos- host-disease; NG, detail, 
PV, polycvt^.a vera; RAEBT, refractory anemia with excess blasts; MM, multiple myeloma; Gr., grade; NR, no response 
f-rgur^ in brackets represents assessable patients. 

tGiven.lFN alfa in addition. 
- fGiven J>ruophyloctically. 



not given; AL, acute leukemia; 
; BMA, bone marrow aplasia. 



rectly stimulates the GVL effect. 55 - 56 - 63 Thus, the results 
of donor leukocyte infusions with or without ERN alfa 
in the treatment of recurrent leukemia after BMT are 
encouraging. Further clinical trials are needed to deter- 
mine the timing and optimum dose of T cells in various 
stages of relapse (hematologic/cytogenetic) to reduce tox- 
icity while maintaining tfee GVL effect. 

DISCUSSION 

The management of leukemic, relapse after allogeneic 
BMT presents a dilemma to the treating transplant physi- 
cian. Induction CT, second BMTSlFN alfa, and donor 
leukocyte infusions are various options. Thirty percent to 
55% of patients with acute leukernia achieve remission 



after induction CT, with a LFS rate of less than 10%. 
Second transplant results in a LFS rate of 20% to 25% 
and is a reasonable option for patients who relapse more 
than 6 months after initial BMT. The increased toxicity 
associated with the preparatory regimen may possibly 
be reduced in the future with the use of less intensive 
preparatory regimens. IFN alfa controls the symptoms in 
most CML patients, but only 10% to 25% of patients 
achieve Ph negativity. Encouraging results have been ob- 
tained with donor leukocyte infusions in CML patients. 

Identification of patients at high risk for relapse post- 
transplant through quantitative PCR assay and prophylac- 
tic use of biologic response modifiers to augment the 
GVL effect in such patients with minimal residual disease 
are possible areas of progress in future studies. 
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